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EXECUTIVE SUMMARY

Calhoun Countgroundwater Conservation DistricgsCD), Texana County GCD, Refugio County GCD,
and Victoria County GQIhe Districts) are working together to develop and integrate their monitoring
programs TheDistricts have jointly funded this report to accomplish the following:

A Provideguidanceand information on the drilling and construction of monitoriwglls at
different depths;
A Assignwells to aquiferdased on the current stratigraphic tiaused to represent the tops and
bottoms of aquifer in GMA 15
A Provideguidance and protocols for measuring water levels;
A Establisteriteria for evaluating the adequacy of well coverage
A Investigateapproaches foguantifying uncertainty usingyeostatistical techniqueand
RSY2YyaidNFGS GKSANI FLILIX AOFGA2Y dzaAy3a GKS 5AadNR
A Providesuggested locations faxpanding the monitoring well network.
The report is partitioned intgevensectiors. Section 1 introduces the reader to GMA, the Districts,
the report objectives, and the report outlinghe introduction cites severdlexasstatutes from the
Texas Water Code (TWC) that give GCDs the responsibility, the authority, and the ability to establish and
operate a monitoring well prgram.

Section 2 describes tharee sets of stratigraphic surfaces that are releviamhydrogeologic studies in
GMAL15. Thesethree sets of surfacewill be referred to as: (1Eroundwater Availability Model

(GAM 15, (2) GAM 15 & 16and(3) theTexas Vilter Development BoardliVDB Study.Section 2
provides a tabulation of 2,337 monitoring wells located in the four counties managed by the Districts:
Victoria, Jackson, Calhoun, and Refugio courfieseach monitoring well reaquifer assigmentis
madefor each of the three surface¥vhere possible, the intersection between the monitoring well
screen thickness and the TWDB surface is used to assign the aquifer. If no screen information is
available, the total depth of the monitoring well is assumed tadyaresentative of the longest screen
interval within the monitoring well.

SectiondINBaSyda KEeRNRBINI LKA F2NI GKS 5AaGNRAOGAQ Y2YAl;
water levels, and discusses an approach for flagging measured water levelpplear & be

unrepresentative of aquifer condition$he water levels in the hydrographs are marked with two types

of flags. Ondlag typeis represented by the color of the measured water level. The other flagisype

NB LINEB & Sy (i shiperimpdsedlonhé mefasured water level. The color of the measured water

levels indicates théate that the water level measurement was takédased on INTERAgNalysis of

water levels in the Gulf Coast Aquifer, an appropriate set oésfar assessintpngterm regional

trends in water levelss the first four monthsof a year. During those four months, irrigation is either

minimal or nonexistent and the water levelre typicallyundergoinga slight rebound fronhigher

pumping during the summerTheONRK G SNA 2y F2NJ LX I OAy3 |y a-¢& 2y G2LI
the difference between a measured water level and its preceding value is greater than the standard
RSOAIFIGAZ2Y F2NJ GKS aSNRSAa 2F YSI &dzNIBkely répregeStdNdnt SOSt &
outlier or a bad measurement that should be evaluated for possible removal from the analysis because

it may not be representativef aquifer conditions near well.

Section 4iscusses the administrative and technical considerationagsessing the adequacy of a
monitoring network.Theadministrativeconsiderations were developed based @ review of TW@ules
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and management plansf the Districts DFCsdopted byGMA15, Y R (i K S pdniitieguidionsi & Q
Thetechnicalconsideratonswere developed based on evaluatioinsolvingthe design of a well

monitoring networkand determining an average water level for an entioeinty based on measured
water levels.Thetechnical considerations werssembled from discussions with Gula€oGCDs, from
reports/ papers related to the design d@fistrictwell monitoring networksand fromthe technical
requirements to perform aevaluation of DFCsAmong the findings in Section 4 are:

TheTWC does not require GCDs to monitor groundwateel

A significant impetusor GCDs to have a monitoring network is to evaluate DFC compliance
Neitherthe TCEQ nor the TWDB have provided any guidance or assistance GCD to help establish
consistency in the groundwater monitoring programs among GCDs

Geosttisticalmethods were determined to be more appropriate than classical statistical

methods forsupporting the design omonitoring well networks and interpolatg measured

water levels

A Out of the fourteen surveye@CDs$n GMA 16 and 15, eight GCDs hagtethan 20 wellsand

five GCDs monitored less than 10 wetigheir monitoring well network.

> > >

>\

Section 5 discusses GCD management responsibilities that are associated with monitoring water levels
andoverviews ggeostatistical method fointerpolation called krigingTwC836.0015 states that GCD

are state's preferred method of groundwater management, and they are charged with using the best
available science in the conservation and development of groundwater through rules developed,
adopted, and promulgated by a districthe TWC alslists specific groundwateGCDmanagement

issues for water levels are requireéthese issues includBFCsgonjunctive surface water management
pumping impacts to environmental conditiareharacterization bhydrologic conditionsand developing
water balances for aquifer$Vithout a knowledge of the uncertainty associated with anedyssed to
managegroundwaterproduction GCDs may not be in tldeal position for making a welhformed
decision Thereport discusses three approaches that are commonly used to estimate uncertainty
associated with kriging. Krigiigthe interpolation method used by the Districts to assess their DFC
complianceusing measured water levels from 2000 to 2021. These threeoaghes are: calculating the
kriged variance, performing crosslidation, and generatin§equential GaussiaBmulations(SGS)The
reports appy these three methods to calculate measures of uncertainty associated with the asalf/s
the 2021 measured ater levels Results from the SG&how that the resultsrbm Kriging with residuals
produces significantly less uncertainty than the results with Kriging with water levels.

Section 6 discusses the considerations for expanding the size of the monitoriigetavork and

identifies candidate locations for new monitoring wellsnong theGCDs managemergsponsibilities

related to monitoringwater levels is evaluatingpmplianceli 2 G KS D/ 5Q&4 5C/ ® ¢KS AYL
evaluating DFC compliance was echoed inréfsponses from a Groundwater Advisory Committee

(GWAC) that was created by VCGE&Etion 6 proposes negandidate wellocations for each of the

T 2 dzNJ nibhitbriiagvell network. Each new well location is associated with a level of relative

importance . TableES1 provides a brief explanation of the three levels. Level 1 is the highest priority.

Level 3 is the lowest priority and Level 2 is an intermediate priority.

I\
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Table ES Description of the Three Monitoring Levels that are Assigned #r@asgos Expansion of
the Monitoring Network

Monitoring Level | Purpose
Highest Fill in gaps in wadverage to suppgebstatistical analysis that produce .
Level 1 Priority continuous water level surfaces that can be used tteegbonatehanges ir
water levels and flow directions and to check DFC compliance.
Obtain access to a former rig supply well that is located in an area whg
Level 2 Intermediat¢ well may not be accessibiéhere monitoring a rig suppll would be prefer

Priority | over a Group 2 wkllsome cases, to monitor an area where no wells arg
current monitoring well network.

Provide the opportunity to monitor groursiwfates water interaction by
Level 3| Low Priority measuring water level in a shallow groundwater well located in the vici
stream gauge.

Table E lists the number of wells that have been previously used to monitor water levels and the
number of proposed new locations for monitoring wells bymty and by aquifer. The existing

monitoring wells are comprised of two well groups: Group 1 and Group 2. Group 1 wells have been
monitored since 2016. Groupwells have been monitored between 2000 and 2016. The proposed new
well locations are designatdaly the monitoring areas associated with priorities levels 1 t6d8.each of

the monitoring areas, a list of possible wells in the TWDB Submitted Drillers Reports (DSR) are tabulated
for consideration by the District.

Table ER Distribution of Exigtand Proposed New Well Location for the Monitoring Network for Calhoun,
Jackson, Refugio, and Victoria Counties

g We Proposed Ne ell Locatio | Ola
O Aquite —
Group 1| Group 2| Level 1 Level 2 Level 3 | Existing Proposed
CH 11 9 4 3 1 20 8
Calhoun
EV 0 0 0 0 0 0 0
CH 58 22 3 4 3 80 10
Jackson
EV 5 3 5 0 0 8 5
. CH 13 14 4 3 0 27 7
Refugio
EV 2 7 3 2 0 9 5
. . CH 39 45 2 2 2 84 5
Victoria
EV 16 26 5 3 2 42 10
CH 121 90 12 12 6 211 30
Total
EV 23 36 13 5 2 59 20

Section Provides guidelinefor the design of three types of monitoring wells that mayithstalled by a
GCD in the Gulf Coast Aquifer System. The three types are:

1. Awellconstructed from PVC that terminatégtween 100 and 800 feet below ground service
2. Awell constructed from steel that terminates between 800 and 1,500 feet below ground
surface.
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3. Awell that terminates between 500 and 2,000 feet below ground surface that was constructed
by converting an abandoned oil & gas well

:INTERA

I\



Final Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations
to Support the Development of a Reliable Program for Monitoring Water Levels

TABLE OF CONTENTS

1.0 INTRODUCTIQN ...ttt e et et e e ettt e e e e et e e e e s eet s e e s eetaa s essseabaseesaabasessesbanaeanes 1
It O = = Yod (o 01U o 1
A =T 010 £ @ o] 1= o1 1LY/ 1
R T =Y o Lo A @ 111 ] = 2
20 '{{LDba9b¢ hC !'v;LCOwW{ ¢h 21 ¢9w 29[ [{ w9/ hw595
DA T AB ASE ...t e e e e e e e e e eea e e e rat e earrta e eerraaaaessd 4
2.1 BACKGIOUNG......ooeeiiiieiiiicccc e e e e e e e e e e e e 4
2.2 Aquifer Assignments using the GMA 15 StratigraBurfaces............cccceecevvvvvinnnnnnnnee. 4
2.3 Aquifer Assignments using the GMA 15 & 16 Stratigraphic Surfaces..........cccccceeeee.. 5
2.4 Aquifer Assignments using the TWDB Stratigraphic Surfaces............cccccvvvvvvvivveennen. 6
3.0 DEVELOPMENT OF PROTOCOLS FOR FLAGGING MEASURED WATER LEVELS THAT
APPEAR TO BE UNREPRESENTATIVE OF ACTUAL WETHDIBHGRIS. ... 19
I A = - T (o {011 ] o PSP RPN PPPPPPPRP 19
3.2 Averages of Measured Water LEVEIS..........ccccciiiiiiiieeerr et 20
3.3 MeEASUIEd WaALEE LEVEIS ......cieeeieee ettt et e e e e e e e e e s e e eaas 20
3.4 Protocols folMeasuring Water Levels and Specific Conductance..............cccccoeeuuneee. 21
3.5 Health and Safety PIan...........cooiiiiiiii e 22
4.0 ESTABLISHMENT OF CRITERIA FOR ASSESSING THE ADEQUACY OF MONITORING WELL
(OL@ L4 = AN ] 25
4.1 Administrative CONSIHEIALIONS. ... ..cuuuiiieiiieiie et e e e e s e e e eaaass 25
O A =Y G TR VA= 1 (=] O 0 o [T 25
4.1.2 District Management PlanS.......cccooooe i eeeen e 26
R 1S3 1 (o U] (=N 26
4.1.4 Summary Of FINAINGS......ccoiiiiiiiiies e e e e e s e e e e e e e e eeaeens 28
4.2 TechniCal CONSIAEIALIONS. ... .ccuuuiiiiiieit e e et e et e e e e e e e e e e eaa e e et s esaaseesanaes 28
4.2.1 Statistical CONSIAEIALIONS.......uciieiiiiee e e raaaas 28
4.2.2 Geostatistical CONSIAEIAtIONS .........cuvvniiiiieie e e e 30
4.2.3 Existing GCD Monitoring Network in Gulf Coast Aquifer...........ccccccvvvvvvevvnnnee. 30
5.0 POTENTIAL BENEFITS OF QUANTIFYING PREDICTIVE UNCERTAINTY TO
GROUNDWATER MONITORING ....uuii ittt s et e e e st e e s s e abaeeeaees 34
5.1 BACKGROUNDL. ..ottt e e e e e e e e e e eb e e s e et e e e eeaaas 34
5.2 GROUNDWATER MONITORING TO SUPPORT THE MANAGEMENT OF GROUNDWATER
R O 111 O 0 ST 34
5.3 METHODS FOR QUANTIFICATING OF UNCERTIANTY USING.KRIGING............ 36
5.3.1 Calculate The Kriged VarianCe...........uueeiiieiiiiiiiiieee et 36
5.3.2 Perform CroSs/alidatiOn...........oevieuiiiie ettt e s e e e e e e e e 37
5.3.3 Generate Sequential Gaussian Simulations...........ccccccineiiriiiiiiiiiieeeeee e, 37
5.4 QUANTIFICATION OF KRIGING UNCERTIANTY ..o 37
5.4.1 Calculate The Kriged VariarnCe. .........ccouiuuiiiiieeiiiiiiiiie e e e 39
5.4.2 Perform CroSs/alidation..........oovieuiiiei ettt e e e e e 39



Final Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations
to Support the Development of a Reliable Program for Monitoring Water Levels

6.0 EXPANSION OF MONITORING WELL NETWORK WITH CONSIDERATION FOR
SUPPORTING GEOSTATISICAL ANALYSIS.QFE.DATA ... 50

6.1 BACKGROUND........oiiiiiiiiii e 50
6.2 CONSIDERATIONS FOR EXPANSION OF MONITORING WELL.NETWORK........ a0
6.3 GENERAL APPROACH FOR IDENTIFYING CANDIDATE MONITORING WELL LOGZATIONS

6.4 IDENTIFICATION OF OADATE WELLS AND WELL LOCATIONS..........cceevvrininee 52
6.4.1 Current Well Monitoring Network and Candidate WellsEapanding the Network2
6.4.2 Monitoring Areas Where Beneficial Water Levels CaNleasured...................... 53
6.4.3 Proposed Well Monitoring NEtWOIK. ...........cccoiiiiiiiiiiieeeiiiiiieeee e 54
7.0 DESIGN AND CONSTRUCTION SPECIFICATIONS FOR DEDICATED AQUIFER
MONITORING WELLS......coi ittt et e e e e s e e e e e e e e e e e e e e ennrnees 64
2% R 1 0 T [T 1o o PP PSSR 64
7.2 Drilling MENOUS........iiiiieiee et e e e s ee e 64
7.2.1 HOIOW-STEM AUGEE ..ottt e e e e e e e e e as 64
7.2.2 MU RO ..ceiiieiee ettt e e e e e e e e e e e e e e s 65
7.3 Monitoring Well INSTAlIALION.........cooiiiiiiiiie o) 65
7.3.1 Well Constructed of PVC CaSING..........uuviiieiiiiiiiiiiee et 66
7.3.2 Well Constructed of Steel Casing.....cccoovvieeiiiiiiiiciiiin e e e e eeaenns 67
7.4 Converting an Abandoned Oil and Gas Wellto an OQil.\Well...........ccoooeeeiiiiiiiirniinn, 68
8.0 REFERENGCES......ci oottt e e e e e et e e e e e e st e e e e e e aanssnteeeaeeeeeannsseeeeeeeaannnes 71

Appendix 2A: Tabulation of Monitoring wells in Victoria, Jackson, Calhoun, and Refugio County

Appendix 3A: Selected Hydrographs for Measured and Modeled Water Levels

Appendix 3B: Hydrographs for Measured Water leds Color Coded Based on Sampling Period

Appendix 3C: Protocols for Measuring Water Levels and Specific Conductance

Appendix 3D: District Health and Safety Plan for Performing Well and/or Tap Sampling Activities

Appendix 6A: List of Candidate Wells for Mdoring Areas in Calhoun County

Appendix 6B: List of Candidate Wells for Monitoring Areas in Jackson County

Appendix 6C: List of Candidate Wells for Monitoring Areas in Refugio County

Appendix 6D: List of Candidate Wells for Monitoring Areas in Vict@tainty

Appendix 7A: Bid Document Template for Construction of PVC Monitor Wells

Appendix 7B: Railroad Commission of Texas Forti3PApplication of Landowner to Condition an
Abandoned Well for Fresh Water Production

Appendix 7C: Post Oak Savannah GroundemaConservation District Monitoring Well Agreement

Vi



Final Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations
to Support the Development of a Reliable Program for Monitoring Water Levels

LIST OF FIGURES

Figure 11 Location of Calhoun County GCD, Texana GCD, Refugio County GCD, and
Victoria COUNLY GCD........uu ittt eeeeeeas 3
Figure 21 Aquifer assignments based on the stratigraphy from the Groundwater

Available Model developed for GMA 15 (Chowdhury and others, 2004) for

13 counties. The Deep assignment includedis with no depth

information. The Shallow assignment includes well locations outside of

the Gulf Coast Aquifer System fOOtPrint..........cccceeviii e, 7
Figure 22 Aquifer assignments based on the stratigraphy from the Groundwater

Available Model developed for GMA 15 & 16 (Shi and Boghici, 2022) for

13 counties. The Deep assignment includes wells with no depth

information. The Shallow assignment includes well locations outside of

the Gulf Coast Aquifer System fOOtprint............ccccooe e 8
Figure 23 Aquifer assignments based on the stratigraphy from the TWDB Study for

the Northern Gulf Coast System (Young and others, 2012) for 13 counties.

The Deep assignment includes wells with no depth information. The

Shallow assignmermcludes well locations outside of the Gulf Coast

Aquifer SYStem fOOTPIINT. ... 9
Figure 24 Formation assignments based on the stratigraphy from the TWDB Study

for the Northern Gulf Coast System (Young and others, 2012) for 13

counties. The Deep assignment includes wells with no depth information.

The Shatiw assignment includes well locations outside of the Gulf Coast

Aquifer System fOOTPFINT...........uviiiiii e 10
Figure 25 Aquifer assignments based on the stratigraphy from the Groundwater

Available Model developed for GMA 15 (Chowdhury and others, 2004 )

for 4 counties. The Deep assignment includes wells with no depth

information. The Shallow assignment includes \walations outside of

the Gulf Coast Aquifer System foOtprint...........cccce s 11
Figure 26 Aquifer assignmentbased on the stratigraphy from the Groundwater

Available Model developed for GMA 15 & 16 (Shi and Boghici, 2022) for 4

counties. The Deep assignment includes wells with no depth information.

The Shallow assignment includes well locations outside of thieCaalst

Aquifer SYStemM fOOTPIINT........uveiiiie e 12
Figure 27 Aquifer assignments based on the stratigraptonirthe TWDB Study for

the Northern Gulf Coast System (Young and others, 2012) for 4 counties.

The Deep assignment includes wells with no depth information. The

Shallow assignment includes well locations outside of the Gulf Coast

Aquifer SyStem fOOTPIINT. .........uiiiiiee i 13
Figure 28 Formation assignments based on the stratigraphy from the TWDB Study

for the Northern Gulf Coast System (Young atigers, 2012) for 13

counties. The Deep assignment includes wells with no depth information.

The Shallow assignment includes well locations outside of the Gulf Coast

Aquifer System fOOTPFINT...........uvuiiii e 14
Figure 29 Well locations with different well assignments based on the stratigraphy

associated with the GMA5 GAM (Chowdhury and others, 2004) and

GMA 15 &16 GAM (Shie and Boghici, 2022). Wells are plotted based on

aquifer assignments from GMA 15 GAM (Chowdhury and others, 2004).......... 15

Vii



Final Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations

Figure 210

Figure 211

Figure 212

Figure 31

Figure 32

Figure 41

Figure 51

Figure 52

Figure 53

Figure 54

Figure 55

Figure 56

to Support the Development of a Reliable Program for Monitoring Water Levels

Well locations with different well assignments based on the stratigraphy
associated with the GMA5 GAM (Chowdhury and others, 2004) and

GMA 15 & 16 GAM (Shi and Boghici, 2022). Wells are plotted based on

aquifer assignments from The MA 15 & 16 GAM (Shi and Boghici, 2022)......... 16
Welllocations with different well assignments based on the stratigraphy
associated with the GMA5 GAM (Chowdhury and others, 2004) and the

TWDB Study for the Northern Gulf Coast System (Young and others,

2012). Wells are plotted based on aquifer assignmemis fthe GMALS

GAM (Chowdhury and others, 2004)..........cuuiiiiiiiiiiiree e 17
Well locations with different wékssignments based on the stratigraphy
associated with the GMA5 & 16 GAM (Shi and Boghici, 2022). and the

TWDB Study for the Northern Gulf Coast System (Young and others,

2012). Wells are plotted based on aquifer assignments from the G3/1A

& 16 GAM (Shand BOghiCi, 2022)..........cccuueiieieeiiiiiieieee e 18
Slide from a INTERA Presentation to Coastal Bend GCD diOM2322

that shows the average monthly water levels for 15 monitoring wells

located in Wharton County and the monthly total productian................ccceeee.... 23
Linear regression between specific conductance and TDS concentrations

for two groups of groundwater samples extracted from the Texas Water
Development Board Water Quality Dataset: 587 groundwater sasnple

where chloride comprises at least 35 percent of the equivalence in the

charge balance (top image); 1,866 groundwater samples where

bicarbonate comprises at least 35 percent of the equivalence in the

charge balance (bottom image). (graphs are from Younthahers

Expected deviation from the mean for various numbers of wells in the
monitoring network. Distribution assumes rammly spaced wells with

normal distribution of water level changes exhibiting a standard deviation

Of 1.7 feet around @ MEAN ..o e e e e e e e e e e e e e e e e e e e e e e e s eanans 29
Semivariograms for the Chicot and Evangeline Aquifers based on 2020
measured water levels and 2020 residuclated enerated by detrending the
measured groundwater leVelsS............cccoooiiiiiiiiiiiiiieeeee e A2
Schematic Of & SEMIVANIOGIAIML........uiiiiiiiiiiiieeee e e e ee e 43
Contours of 2020 water levels for the Chicot Aquifer generated by kriging

the measured water levels (KWL interpolation on the left) and calculated
residuals calculated hyetrending the measured water levels (KRS

interpolation 0N the FgL)............ii e, 44
Contours oftandard deviations for the Chicot Aquifer water levels from

kriging the measured water levels (KWL interpolation on the left) and

kriging the residuals calculated by detrending the measured water levels

(KRS interpolation on the right)...........couiiiiii e 45
Contours of 2020 water levels for the Evangeline Aquifer generated by

kriging the measured water lexe(KWL interpolation on the left) and

calculated residuals calculated by detrending the measured water levels

(KRS interpolation on the fight)........cccoooiiiiiieeer e 46
Contours of standard deviations for the Chicot Aquifer water levels from

kriging the measured water levels (KWL interpolation on the left) and

viii



Final Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations
to Support the Development of a Reliable Program for Monitoring Water Levels

kriging the residuals calculated by detrending the measured water levels

(KRS interpolation on the right)...........cooiiiii e a7
Figure 57 Comparison of the measured 2020 water levels and water levels

calculated from crossalidaion at 105 wells located in the Chicot Aquifer.

(the dash black line represent a perfect match).........cccccvveeeeevieviiiiiiiiiiieeee, 48
Figure 58 Comparison of the measured 2020 water levels and water levels

calculated from crossalidation at 111 wells located in the Evangeline

Aquifer. (the dash black line represent a perfect match)................................... 49
Figure 61 Location of eleven monitoring areas where addition monitoring wells

would benefit the monitoring network for Coastal Plains G@tb

locations of exempt wells that could server as monitoring wells (top

image) and with five to ten wells proposed for per monitoring area as the

preferred candidates for the single monitoring well to represent that

[gaTe] e T1 (] g o[-V =T TP OO P PP PRP P PPPPPPPPPPP 56
Figure 62 Proposed Level 1 Monitoring Areas for the Chicot and Evangeline aquifers

in Calhoun, Jackson, Refuginda/ictoria counties with locations of wells

with Submitted Drillers REPOIS.........oouiiiiiiieeiiieee e 57
Figure 63 Proposed Level 2 Monitoring Areas for the Chicot and Evangeline aquifers

in Calhoun, Jackson, Refugio, and Victoria counties with locations of wells

with Submitted Drillers REPOIMS.......ciiii i 58
Figure 64 Proposed Level 3 Monitoring Areas for the Chicot and Evangeline aquifers

in Calhoun, Jackson, Refugio, and Victoria counties with locations of wells

with Submitted Drillers REPOMS.......uuiiiiiiiiiiiieiiieeeeee e 59
Figure 65 Proposed Level 1, 2 and 3 Monitoring Areas for the €hicd Evangeline

aquifers in Calhoun County with locations of wells with Submitted Drillers

=] 00 PR 60
Figure 66 Proposed Level 1, 2 and 3 Monitoring Areas for the Chicot and Evangeline

aquifers in Jackson County with locations of wells with Submitted Drillers

Y] 010 4 £ PP PP SSPPPPTPTPPPIN 61
Figure 67 Proposed Level 1, 2 and 3 Monitoring Areas for the Chicot and Evangeline

aquifers in Refugio County with locations of wells with Submitted Drillers

=] 010 £ PP PPPUPRPPPT 62
Figure 68 Proposed Level 1, 2 and 3 Monitoring Areas for the Chicot and Evangeline

aquifers in Victoria County witlecations of wells with Submitted Drillers

=] 010 £ PP PPPUPRPPPT 63



Final Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations
to Support the Development of a Reliable Program for Monitoring Water Levels

LIST OF TABLES

Table 41 Estimated number of water level monitoring wells for Calhoun, Jackson,

Refugio and Victoria counties based on a TWDB Criteria (Hopkins and

Anderson, 2016) that considers area and total groundwater production in

= U 010 11 ] Y/ 27
Table 42 Tabulated Responses from Thirteen GCDs who responded in 2014 to a

questionnaire regrding their groundwater monitoring network (from

(10 1 Vo TR 0 1 L ) 32
Table 43 Tabulated Responsemfn GCDs who responded to a questionnaire in

2014 or a verbal survey in 2022 regarding their groundwater monitoring

NEEWOTK .ttt e e e e st e e e e s ettt e e e e e s a b e e e e e e e e nnnrrnees 33
Table 51 Ranges of uncertainty associated with the determination of the DFCs and

with an average drawdown calculated from measured water levels for aft

hypothetiCal dECISION........cooiiiiiiiie e 35
Table 52 Ranges of uncertainty associated with the determination of the DFCs and

with an average drawdown calculated from measured wiggels for aft

hypothetiCal dECISION........ccoiiiiiiiiiie e 36
Table 53 Distribution of 2020 measured water levels retChicot and the

Evangeline aquifers among Calhoun, Jackson, Refugio, and Victoria

L7010 o1 1= U 38
Table 54 Attributes of the Spherical variograms illustrated in Figuie 5.............ccccceeeee 38
Table 55 Comparison of average value for the difference between the measured

value and the value calculated by cresdidation for all points associated

with the 2020 data and for all points associated with the data from 2000

2021 for the KLW and the KRS analysis for the Chicot and the Evangeline

0 1011 =N 40
Table 56 Sandard Deviations of the average value of the mean water levels

determined for Calhoun, Jackson, Refugio, and Victoria County for the

2020 data set for the Chicot and the Evangeline based on 100 Sequential

GauSSIAN SIMUIALIONS. .. ..eiiiiiiiiiiiii e e e e e e e aa 40
Table 61 Groundwater Advisory Committee Stakeholder Ranking of Proposed

Project from Young, (2013) . The three boldedjgcts are associated

with the collection and analysis of water level data from a monitoring well

NEIWOTK. ...ttt ettt e et e e e ettt e e e st n e e e e e e e e nnbn e e e aeeas 51
Table 62 Description of the Three Monitoring Levels that are Assigned to Proposed

Areas for Expansion of the Monitoring Network..............oeeveoviiiiiieieeiiiiiieeeenn 53
Table 63 Distribution of Existing and Proposed New Well Location for the

Monitoring Network for Calhoun, Jackson, Refugial ¥ictoria Counties.............. 55
Table 64 Number of Candidate Wells associated with the Monitoring Afeas

Calhoun, Jackson, Refugio, and Victoria Counties..............cc.eeeeeeeeiiei e 55
Table 71 Relative Cost of Well CasingdaScreen Materials............ccceevviiiiiieeeeeiiiiiiienen 67



Final Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations
to Support the Development of a Reliable Program for Monitoring Water Levels

ACROYNMS AND ABBREVIATIONS

BEG Bureau of Economic Geology

BRACs Brackish Resource Aquif€haracterization System
CCGCD Calhoun County GCD

DFCs Desired Future Conditions

EPA US Environmental Protection Agency
GAM Groundwater Availability Model

GBDS Gulf Basin Depositional Synthesis Project
GCDs Groundwater Conservation Districts

GMA Groundwater Management Area

GWAC Groundwater Advisory Committee

H&SP Health and Safety Plan

HPWD High Plains Water District

RGCD Refugio GCD

RRC Railroad Commission of Texas

SDRs submitted driller reports

SGS sequential gaussian simulation

SWAP Source Vdter Assessment and Protection
TCEQ Texas Commission on Environmental Quality
TGCD Texana GCD

TWC Texas Water Code

TWDB Texas Water Development Board

USGS United States Geological Survey

VCGCD Victoria County GCD
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1.0 INTROUCTION

1.1 Background

The Texas Water Code (TWC) 836.0015 states that Groundwater Conservation Pidizsire the
a0l dSQa LINBFSNNBR YSGK2R 2F ANRBdzyRgl GSNJ YI yIFISYSy
to use the best available science in the conservation and development of groundwateng the
responsibilities that the TWC provides G@&®stablishing Desired Future Conditions (DFCsadoifers
with due considerations fgpumping impacts on aquifer hydrologic conditions, on the water balance
andon groundwaterexchangewithin and between aquifersyn groundwaterg surface water
interactions,and on land subsidencdll of the GCDs that manage the Gulf Coast Aquifer bé@shat
are based on changes in water levels over tifiesupport the GCOability to monitor the aquifer
conditions, the TW@uthorizes GCDs to collect any informatioredeed necessary to accomplish their
missions and to enter private or public land to collect hydrogeologic data and perform tests as they
deemed necessary.

Despite the importance of monitoring water levels to the management and stewardshioohdwater
resources, there is no general guidamrevided by the Texas Water Development Board (TWDBje

Texas Commission on Environmental Quality (TCEQ) for designing and implementation a groundwater
monitoring program to support compliance evaligat of DFCdn addition, the Texas Alliance of
Groundwater Districts has hoeveloped guidelines to assist GCDs with the collection and analysis of
monitoring data. The lack of guidance with monitoring groundwater has resulted in GCDs located within
the same Groundwater Management Areas (GMASs) having different approaches with collecting and
analyzing water level data to evaluate DFC compliance.

Most of the GCDs in theMA15 have a commitment in their Monitoring Plao maintainnga

monitoring programand to use measured water levels to chégkC compliancé&our of these GCRse
working together to coordinate themonitoringprograrmns. These four GCDs are Calhoun County GCD,
Texana County GCD, Refugio County GCD, and Victoria Counfyh@&Lfour disicts will be

collectivdy referredto as the Districtshroughout the report

1.2 ReportObjectives

Thereport expandg on two studiegYoung and others, 2021; Young, 20&ently completed by the
Districts that appliedjeostatistical techniques tanalyze measured water levels from 2000 to 2021 to
determine DFC compliance.

¢ KS NBLRZ2NIQa aLlSOAapprdachespg8idatrént gréocdish 2 K2 (i KBI2 DA RENR O
consideration folinstalling monitoring wellsassigning wells to aquifermeasuringwater levels,

establishing criteria for evaluating the adequacy of well coverage, investigating the quantifying
uncertainty using geostatistical techniques, and expanding the monitoringhesliork.
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1.3 Report Outline

The report consists of eight sections including Section 1, which is the introdugtch.section

addresses specific aspect of groundwater monitoring. The sections are organized and aligned with the
project tasks outlined in an INTERrposal for thework. Although there are some interconnections
among the sections, each section can be read independently of each bisdbelow is a summary of

the report sections 2 through 8.

A Section Mescribeghree different sets of stratigraphic surfaces bginsedo delineate the tops
and bottoms of the Gulf Coast Aquifer System in GMA 15

A {SOlA2Yy o LINBaSyida KEeRNRBINILIKA FT2NJ 0KS 5AaGNRO
measured water levels, and discusses an approach for flagging measured walthav
appear to be unrepresentative of aquifer conditions

A Section 4iscusses the administrative and technical considerations for assessing the adequacy
of a monitoring network.

A Section Hiscusses GCD management responsibilities that are associdtethanitoring water
levels, provides an overview of geostatistical method for interpolation called kriging, and three
approaches that are commonly used to estimated uncertainty associated with krilggngriged
variance, performing crosgalidation, andsequential Gaussian simulations

A Section 6 discusses tleensiderations for expanding the size of tenitoring well network
andidentifiescandidate locations for new monitoring wells.

A Section Provides guidelines for the design of monitoring wétisthe Gulf Coast Aquifer
System

A Section 8 lists the cited references.
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2.0 ASSIGNMENT OF AQUIFERS TO WATER WELLS RECORDED IN TF
DI STRI CT6S DATABASE

2.1 Background

Thereare currently three sets of stratigraphic surfaces that are relevarttydrogeologic studies in
GMA15. Thesehree sets of surfacewsill bereferredto as:(1) Groundwater Availability Model (GAM
15,(2) GAM 15 &16, and3) the TWDB StudyA brief description of these three sets of surfacas be
found inSections 2.1, 2.23and 2.3, respectively.

Appendix2A is a tabulation of 337 monitoring wel located irVictoria, Jackson, Calhoun, and Refugio
counties.Thetabulation includes well construction specifications and aquifer assignments for the three
stratigraphic data sets discussbdlow. The aquifer assignments are based on the bottom of the well
unlessthe depth to top and bottom of screen is availablhe ajuifer assignment indicates which Gulf
Coast aquifer the well screen intersects.

Figures 21 through 2-11 visualize the aquifer assignmentsAppendix2A along with aquifer

assignments associated with wells in other counties in GMAWLthe wells shown in the figures were

used in the water level analysisscussedy Young and others (202E)igure2-1 to 2-3 show the

aquifer assignments for wells based on the three different stratigraphic data sets for 13 counties in GMA
15.Figures2-5 to 2-7 show the same data in Figur24 to 2-3 but for only four countiesVictoria,

Jackson, Calhoun, and Refudgi@ures?-4 and2-8 show the formation assignments for the wells based

on the TWDB studyl'he stratigraphic surfaces generated by I&DB study included the formations

that comprise the Chicot, Evangeline, and Jasper aquFeayares2-9 to 2-12 show the locatios of wells

where different aquifer assignments occur among the three stratigraphic data sets.

2.2 Aquifer Assignments using t@8A 1%tratigraphic Surfaces

TheGMA 15Groundwater AailabilityModel (GAM data set refers to the tops and bottoms of the

aquifers in the central Gulf Coast GAM (Chowdhury and others, 2004) that is currently the official GAM
for GMA 15The aquifer surfaces are based largely on the Source Water Assessment and Protection
(SWAP) stratigraphic studies conducted in the 1970s and 1980s but not documented ua@i0the

(Srom and others, 2003a, b,.cJhe primary sourcef dataused to constrat the SWAP surfaces

consiss of digitized points taken from the surface contours for the Chicot and Evangegjinfers found

in Carr and others (1985 arr and others (1985) do not provide control points for these contours, nor
do they explain the methad used to develop the contourhus, the uncertainty associated with the
original contours is largely unknowim developing its SWAP data set, theited States Geological

Survey USGyblended the information from Carr et al. (1985) with informationnfrdorgensen (1975),
Baker (1979, 1986), and geologic outcrops mappetheifexas dzNB | dz 2 F 9 O2BEGY¥A O DS2f
GAT(Geological Atlas of Texas)eets.

INTERA used the available information fro®02 monitoring wells that span the 13 counties k& 15

to assign aquifers based on the GMA 15 stratigraphic surfaces. Where possible, the intersection
between the monitoring well screen thickness and the GMA 15 surface is used to assign the aquifer. If
no screen information is available, the total demththe monitoring well is assumed to be



Final Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations
to Support the Development of a Reliable Program for Monitoring Water Levels

representative of the longest screen interval within the monitoring well. If neither screen interval nor
depth information is available, the monitoring well aquifer assignment cannot be determined and its
defaultasda 3y YSy i Aa H15SSL¥E o0 CAITdzNB

Figure2-1 shows the GMA 15 aquifer assignments on the GMA 15 monitoring well network. Based on
the GMA 15 surfaces, most of the monitoring wells with aquifer assignments within the GMA 15 area (n
= 2163) represent the ClutAquifer (n = 1163; 54%). The Evangelgeifer makes up 43% (n = 929) of

the monitoring well network, the Burkeville makes up 1% (n = 19), and the Jasper makes up 2% (n = 52).

Figure2-5 shows the same GMA 15 aquifer assignments but is focused ondonties within GMA 15:
Victoria, Jackson, Calhoun, and Refugio. Based on the GMA 15 surfaces, most of the monitoring wells
with aquifer assignments within these four counties (n = 1641) represent the Glgjader (n = 980;

60%). The Evangelidguifer makes up 40% (n = 657) of the monitoring well network.

2.3 Aquifer Assignments using t@A 15 & 18tratigraphic Surfaces

The GMA 15 & 16 GAMdata set refers to the tops and bottoms of the aquifers in the central Gulf Coast
GAM Ehi andBoghici,2022) that was developed for use by the GMA 15 andTltge draft for theGMAs

15& 16 GAM was completed in April 25, 2022 and neithave beeradoptednor finalized by the
TWDBThe surfaces for th&MAs 15& 16 GAM were created by integrating the geophysicatiadfrom

three studies(1) Hydrostratigraphy of the Gulf CoasBrazos to the Rio Grande (Young and others,
2010);(2) Brackish Resource Aquifer Characterization System (BRACs) database (TWDiB1A2@).8);
Hydrogeologic Framework for Northern Gulf Goaguifer (Young and others, 2012).

INTERA used the available information from 2802 monitoring wells that span the 13 counties in GMA 15
to assign aquifers based on the GMA 15 & 16 stratigraphic surfaces. Where possible, the intersection
between the monibring well screen thickness and the GMA 15 & 16 surface is used to assign the
aquifer. If no screen information is available, the total depth of the monitoring well is assumed to be
representative of the longest screen interval within the monitoring weheither screen interval nor

depth information is available, the monitoring well aquifer assignment cannot be determined and its
RSTFlLdzA G FaaA3ayvyYSgid A& G5SSL¥E OCAITdzNB H

Figure2-2 shows the GM#15 & 16 aquifer assignments on the GMA 15 monitoring metwork. Based

on the GMA 15 & 16 surfaces, most of the monitoring wells with aquifer assignments within the GMA
15 area (n = 2170) represent the Chigquifer (n = 1281; 59%). The Evangehgeifer makes up 37%

(n = 801) of the monitoring well netwik, the Burkeville makes up 1% (n = 16), and the Jasper makes up
3% (n=72).

Figure2-6 shows the same GMAS5 & 16 aquifer assignments but is focused on four counties within
GMA 15Victoria, Jackson, Calhoun, and Refugio. Based on the GMA 15 surfasteef the monitoring
wells with aquifer assignments within these four counties (n = 1641) represent the @hiafdr (n =
1105; 67%). The Evangelifdguifer makes up 33% (n = 535) of the monitoring well network.
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2.4 Aquifer Assignments using the TWDBRtlgraphic Surfaces

The TWDB Aquifer data set refers to the tops and bottoms of the aquifers developed by Young and
others (2010; 2012)Among the reasons for the TWDB study was to generate a defensible set of
stratigraphic surfaces that are based on th@lysis of geophysical logsing stateof-the-practice

based on sequence stratigraphy and chronostratigraphic correlatidms framework for the
geophysical analysis is rooted in the Gulf Basin Depositional Synthesis Project {GBEBDS project
wasgenerated by thdBEGand funded by a consortium of petroleum companies to characterize the
Cenozoic depositional history of the Gulf of Mexico Basimong the key papers that explains some of
these concepts and methods are Galloway (1989), Galloway deiisof2000), and Galloway (2005).

INTERA used the available information from 2802 monitoring wells that span the 13 counties in GMA 15
to assign aquifers based on the TWDB stratigraphic surfaces. Where possible, the intersection between
the monitoring wel screen thickness and the TWDB surface is used to assign the aquifer. If no screen
information is available, the total depth of the monitoring well is assumed to be representative of the
longest screen interval within the monitoring well. If neither seréaterval nor depth information is
available, the monitoring well aquifer assignment cannot be determined and its default assignment is
G5SSLI¥E 28)CA IdzNB

Figure2-3 shows the TWDB aquifer assignments on the GMA 15 monitoring well network. Based on the
TWDB surface$2%o0f the monitoring wells within the GMA 15 area (n = 218} were assigned to

the ChicotAquifer (n = 134% The Evangelindquifer makes up 33% (= 724) of the monitoring well
network, the Burkeville makes up 1% (n = 24), and the Jasper makes up 3% (n = 68).

The TWDB stratigraphic surfaces paired with the GMA 15 monitoring wells are further depicted by the
geologic formations that make up eachtbé four aquifers (Figur@.2.4). The Beaumont (n = 262),

Lissie (n = 783), and Willis (n = 301) formations make up the Chicot Aquifer. The Upper Goliad (n = 534),
Lower Goliad (n = 89), and Upper Lagarto (n = 101) formations make up the Evangeliee Aneif

Middle Lagarto (n = 24) formation represents the Burkeville Aquifer. The Lower Lagarto (n = 31) and
Oakville(n = 37) formations make up the Jasper Aquifer.

Figure2-7 shows the same TWDB aquifer assignments but is focused on four countiesGNtAIN5:

Victoria, Jackson, Calhoun, and Refugio. Based on the TWDB surfaces, most of the monitoring wells with
aquifer assignments within these four counties (n = 1641) represent the Glgader (n = 1170; 71%).

The EvangelinAquifer makes up 29% (n470) of the monitoring well network.
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Aquifer assignments based on the stratigraphy from the Groundwater Available Model developec
for GMAS5 (Chowdhury and others, 2004) for 13 chmtizsep assignment includes wells

with no depth infotima.The Shallow assignment includes well locations outside of the Gulf

Coast Aquifer System footprint.

Figure-1
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Figure-7 Aquifer assignments based on the stratigrapleyTWwDBIStudy for the Northern Gulf Coast
SystentYoung and others, 2012) for 4 colihed3eep assignment includes wells with no
depth informatidrhe Shallow assignment includes well locations thasgidfd@oast
Aquifer System footprint.
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Fiqire2-8

Formation assignments based on the stratigraphy from the TWDB Study for the Northern Gulf

Coast Syste(ifoung and others, 2012) for 13 colinéd3eep assignment includes wells with
no depth informati®éhe Shallow assignment includdscaétns outside of the Gulf Coast
Aquifer System footprint.
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Figure-9 Well locations with different well assignments based on the stratigraphy associated with the

GMAL15 GAM (Chowdhury and others, 2004) and GMA 15 & 16 GAM (Shie and Boghici, 2022).
Wells are plotted based on aquifer assignments from GMA 15 GAM (Chowdhury and others,
2004).
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Figure-10 Well locations with different well assignments based on the stratigraphy associated with the
GMAL5 GAM (Chowdhury and others, 2004) and GMAAE &Shé & d Boghici, 2022).
Wells are plotted based on aquifer assignments from The GIAM 5S3hil&nd Boghici,

2022).
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Figure-11 Well locations with different well assignments based on the stratigraphy associated with the
GMAL5 GAM (Chowdhury aiteérs, 2004) and the TWDB Study for the Northern Gulf Coast
SystenfYoung and others, 200®)lIs are plotted based on aquifer assignments from the
GMAL5GAM (Chowdhury and otRéfs).
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Figure-12 Well locations with different well assignmeshtsrbiee stratigraphy associated with the
GMA15& 16GAM (Shi and Boghici, 2@22)the TWDB Study for the Northern Gulf Coast
SystentYoung and others, 200Is are plotted based on aquifer assignmehés from
GMAL5 & 16AM (Shi and Boghic2220
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3.0 DEVELOPMENT OF PROTOCOLS FOR FLAGGING MEASURED
WATER LEVELS THAT APPEAR TO BE UNREPRESENTATIVE OF
ACTUAL WATER LEVEL CONDITIONS.

3.1 Background

Akeymetric for assessing ghimpacs of pumping on groundwater resources is changes in water levels
over time.In GMA 15, th®FCdor all member GCDs are tied ¢thanges irwater levelsln orderto

develop a reliable and defensible set of measured water levels, a set of protocols for measuring water
levels should be developed and followddhese ruleshould provide sufficient instructional detail so

that different personnel following the protocolgill measurethe water level using the same repeatable
and reproducible method.

Besides hanga set of fieldtested and vetted protocols for measuring weatevels, another
prerequisitefor developing a useful database of measured water levels is that seasonal fluctuations in
water levels hae been properly accounted foNumerous studies across the state have demonstrated
that well water levels often exp@ance seasonal fluctuatiarhat are related toseasonal changes in
recharge and/opumping As a general rule, the higeieand lowestvater levels typically occuturing

the wintermonthsand summer months, respectivelyower water levels usually occurihg the
summerbecauseof high pumping rates related tiorigation, livestock, and domestic use.

Hgure 3-1 shows the importancef seasonal fluctuation in Wharton County, which is immediately east
of Jackson Count¥igure3-1 shows the average of monthly water levels fra® monitoringwellsfrom
2005 to 2020The highest and lowest water levels typically occur every year near MartBeptember,
respectively Theprimary causdor the seasonal water level fluctuatioisthat groundwater is usetb
irrigate rice farms during the late Spring and Summenths.There are twotentially important
observatiorsin the water level datgpresented in Figur8-1. One observatiolis that there can be a
substantial difference between lowest and highest monthly averages in a singleAyedner

observation is thathere is considerably less variability in the highest annual waterdévaeh there is in
the lowest annual water levébr the 15 years of record.

Water levels are more sensitive to changes in pumpiregaonfinedaquiferthanin anunconfined
aquifer. The difference insensitivityexistsbecause well water levels change in an confined aquifer
occurs because of a pressure head change whereas well water ¢aglge in a unconfined aquifer
occurs because of desaturation of the aquilermost situatios, the change in water pressure in a
confined aquifeiistransmitted across milewithin a few hours whereas water levels in an unconfined
aquifer would require days aveeksto be transmitted across mileghe relatively quick response of
well water levels in a confined aquifer complicathe process of obtaining a representative water level
during an irrigation season where pumping rates could be changing w&sdguse of these
sensitivitiesdifferences in annuadummertime water level measurementsan more reflective of
changes in rea& production amounts than changes in the regional water letreds differences in
annual wintertime water level measurements.

With respect to evaluating compliance to drawdowased DFCsvater levels measured in the winter
time are preferred over watelevels measured in a summer timtdowever,a monitoring program
should consider the benefits of obtainisgmmertime measurements of water levels in order to assess

19



Final Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations
to Support the Development of a Reliable Program for Monitoring Water Levels

the potential importance ofeasonafluctuations inwater leves. In some situations,easonal water

level informationmay benecessary to properly evaluate the impact of permitted production on nearby
wellsas partoftheRA a G NA OG Q& ¢ &d phart ofialidtrict Rydralgediolji irSpéct dully for
permitting anon-exempt well.

3.2 Aveaages oMeasured Water Levels

Appendix3A provides sele@d hydrographs for Calhoun, Jackson, Refugio, and Victouiaties.The
water levelsrepresent averages afater level measurement during theon-irrigation months For this
analysisthe non-irrigation months included a simonth period from November tépril. Themodeled
water levels were extracted from a GARhowdhury and other@004)developed and used for
GMA15. The hydrographs provide information regarding foowing three potemially important
relationships.

A A comparison between modeled and measured water levels
A The consistency among the annual averaged water levels at a well
A An estimate of the linear trend of water level change over the period of record

Areviewof the plotsreveakthe following:

A Where the GAMs not providing reliablsimulation ofwater level trendsi(e., Chicot Wells 31
and 11 in Jackson County)

A Where the GAM is not providing reliable simulationaatter levelelevation(i.e., Chicot Wells
223 and 126n Victoria County).

A There is a substantial range tfe elevation of annualvater levelsfor a few wellsi(e.,
EvangelindVells90 and 239 in Victori@ounty).

A Severalvells appear to havetdeastannualwater levels that appear to be outlie(se., Chicot
Wells 61 and 214in RefugicCounty).

3.3 Measured Water Levels

Appendix3B provides maps showing the location and hydrographs of wells with a measured water
level. Thewater levels have been marked with batypes of flagsOne of the flags is represented by the
color of the measured water levelheflagtypeisrepresenedbyl & - t@p ofzhg measured water
level.

The color of the measured water levels indicsttee time of year that the water leveheasurement was
taken:blue values were measured during January, February, March or April; green values were
measured during May, June, July, or August; and red values were measured during September, October,
November, or December. I 8 SR 2y Lybigo®waterQeielslinyhle Gulf Coast Aquifer, an
appropriate set of dates for assessing lgegn regional trends in water levels is the first four months of

a year. During those four months, irrigation is either minimal or raxistent and the water heels are

typically undergoing a slight rebound from higher pumping during the summer

With regard to evaluating changes in averaged water levelsymams or decade® check compliance
with DFCs, the blueolored water levelsvould be a good choicdf awell is locatedwhere irrigation is
occurring, the water levels color coded with either green orwétllikely be ata lower elevation than
those water levels color coded with l@decause they are impacted more by pumpinhis relationship
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occurs irseveral wellsn Appendix3B suchChicot Well 87 and Evangeline Wel| @hich are located in
Jackson Countyhere irrigation of rice farms is occurring.

ThecriteronT2 NJ LX | OAy 3 +y a- ¢ 2y ihathe difdfente befweén®mdzNB R 6 (S
measured water level andspreceding value is greater than the standard deviafmnthe series of

measured water levels at the welit some wells, thé - ¢ f A | S fadouthdBdriEaG Sy (i a
measurement that should bevaluated for possible removabm the analysis because mhaynot be
representativeforthewell. ¢ KA & aAddz GA2y tA{Ste& FLIWXASa (G2 GKS
Wells 3and 8in Jackson Countyi 2 0 KSNJ ¢gSftfas> GKS a-¢ fA71Ste@ YIN]a
measurementsn which only one of the two measurements should be removdds situation likely

FLILX ASa (G2 GKS a-¢ aevyozfa GKIG 200dzNJ 2y (62 adz00
191 in Victoria CountyAnd, at a few wells such Chicot Well 87 i©Jaa 2 y / 2 dzyikél@dbes tok S & - €
represent a problem with an unrepresentatiwater level but rather a large amount of temporally

variability in the measured water levels.

Q-

3.4 Protocols for Measuring Water Levels and Specific Conductance

Appendix3Cpresents protocols for measuring water levatsd specific conductanabat will collect
reliable and defensible datdheprotocols were developed by reviewing and extractiext from the
samplingmethodspresented bythe USG$Cunningham andthers, 2011), the UBnvironmental
Protection Agency[EPA, 1991), and th& WDB(Hopkins and Anderson, 2016; Rein and Hopkins, 2008).

Separate protocols were prepared for measuring water levels using a steel tape, an electricltapg (E
an air line and transducerdn addition, a protocol was prepared for measuring the water level in a
flowing well.The protocolsn Appendix C are maodifications of protocols thawvebeen vetted andised
by the federal and state agencitm decadesA keyelement for all of the protocols is thahey provide
appropriate mechanisms for documenting an appropriate level of information regardasmnt pumping
from the well Depending orthe welluse, an appropriatéime since pumpingdypically between 3 hours
and 24 hours.

There are no protocols for measuring Total Dissolved Solids (TDS) in theéDiSlts a parameter that
needs to be measured in the laboratoffythe appropriate studies are performed to develop a
mathematical relationship beaten specitionductance and TDS then specific conductance can be used
as aindicator of TDS concentrationSeveral researchers (Walton, 1989; Hayashi, 2003; Sorensen and
Glass, 1987) show that the relationship between specific conductandd DS is dependent onvesal
factors, including ionic composition and ionic strength of the solution and the method used to calculate
total dissolved solids concentratiooung and other2017) discusses these factors and develops
relationships between specific conductance ariaiS for groundwater samples from differeagionsof

the Gulf Coast Aquifer.

The relationship between specific conductance and TDS concentiatimmstructed by plotting specific
conductance as a function of total dissolved solids concentration. Erergraph the conversion factor
¢cté in Equation 138 can be derivedequation 31 is modified from Estepp (28). Two applications of
Equation 31 are presented in Figu@2. Figure 32 plotsTDSconcentrationversus specific conductance
for two sets ofgroundwater samplethat were extracted fronTWDBWater Quality DataseReaders
interested indeveloping or applying Equation13are referred to Young and others (2016) for additional
information.
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TDS =ct * Si&rer (Equation 31)
Where:
TDS = total dissolved solids concentrations (milligrams per liter)
ct = specific conductivityotal dissolved solids conversion factor
SGrr = specific conductance (micromhos per centimeter at 25 degrees Celsius or 77

degrees Fahrenheit)

3.5 Health and Safety Rla

All field activities associated with groundwataonitoring activitiesshould beconducted in accordance
with a District approved Health and Safety Plan (H&S#endix3D provides a template for a H&SP
that can be easily mod#d by a District for it®wn purpose and needs.
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COASTAL BEND GROUNDWATER CONSERVATION DISTRICT INDEX WELL GRAPH - Januarv 1 2022
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Figure3-1 Slide from a INTERA Presentation to Coastal Bend GCD on May 10, 2022 that shows the average mdithignitaténdevelisfor
located in Wharton County and the monthly total production.
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Linear regression between specific conductance and TDS concentrations for two groups of
groundwater samples extracted fraiwbBVater Quality Data887 groundwater samples
where chloride comprises at |e€4gif3Be equivalence in treegd balance (top image); 1,866
groundwater samples where bicarbomgigses at leas¥@5 the equivalence in the charge
balance (bottom ima¢gaphs are from Young and others (2016).

Note: TDS=total dissolved solids; mg/L=milligrams per; litmhos/cm=micromhos per centimeter
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4.0 ESTABLISHMENT OF CRITERIA FOR ASSESSING THE ADEQUACY
OF MONITORING WELL COVERAGE

TheGCDs in GMA5 have adopted DFCs that are drawdebased. In order to properly manage to DFCs
and prudently manage aquifer resous;e District needs to be well informed about how their aquifer
water levels vary spatially and temporally. A prerequisite for developing information about groundwater
levels is a comprehensive monitoring program.

A comprehensive monitoring program encoagses three facets of monitoring: the design and
construction of a well monitoring system, the development and execution of protocols for measuring
water levels, and the analysis of water level data to evaluate compliance. An important aspect of a
Districtmonitoring program is that they be compliant with existing statutes, be consistent with
monitoring guidelines promulgated by state and federal agencies, and be tedhdiet#nsible. These
considerations are important if the District is to be well pasigd and successful with enforcing its rules
and mandating actions in order to achieve and not exceed its DFCs.

Curently, there is no guidance from state agenaestatutesregarding how to design and implement a
monitoring program tesupport an evaluton of DFGcompliance Thissectiondiscusses administrative

YR GSOKYyAOFf O2Yy&aARSNIGA2ya GKIFG NB NBtS@Oryd G2
administrativeconsiderationgncludeTWG the District rules and management plabd;Cadopted by

GMAL15, and permit regulations Thetechnicalconsiderationgocused on theanalyses relatéto the

design of a well monitoringrogram to supporevaluating compliance with drawdowmasedDFCsThe

technical informatioris based ondiscussions with Gulf Coast GCi@sgjew of reports/ papersrelated

to the design oDistrictwell monitoring networksand an assessment of the technical requirements to

perform an evaluation of DFCs.

¢ KNRdzZa3K2dzi G KS RAaOdzifarsté tifeicallectivi & theif@Idwing fous GCDE: NA O G & ¢
Victoria County GCD (VCGCD), Calhoun County GCD (CCGCD), Refugio GCD (RGCD), and Texana GCD
(TGCD).

4.1 Administrative Considerations

Administrative considerations are those related to keeping the momitprietwork compliant with
existing statutes and consistent with guide lines published by state agencies.

4.1.1 Texas Water Code:

The provisions in Chapter 36 of th&/Care the basis for the rights and responsibilities confirmed onto

the Districts through their enabling legislat®TWC §36.109 authorizes GCDs to collect any information

deemed necessary to accompligheir missiors. TWC §36.109 authorizes Districts tight to enter

private or public land to collect hydrogeologic data and perform tests. TWC 836.0015 states GCDs are

GKS adlidSQa LINBTSNNBR YS (ardzhgt theyfarecHagRdayiRel 6§ SNI Y I y I 3.
responsibility to use the best available scient¢hie conservation and development of groundwater.

Despite being identified as the entity primary entity responsible for groundwater management in the
state, TWC Chapter 36 does not require a District to have a groundwater monitoring program, to collect

25



Final Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations
to Support the Development of a Reliable Program for Monitoring Water Levels

groundwater data, or to evaluate whether or not a GMA or GCD is complaint with its adopted DFCs.

With regard to DFCs, TWC Chapter 36 gives GCDs the authority to establish a monitoring program to
evaluate DFC compliance but Chapter 36 does not required ae@tlibitly evaluate DFC compliance.
LyadSFERZ ¢2/ 2ocodmngdgdéO0onyd NBljdZANBa (GKS RAAGNRAROG A
YIEYyF3aSYSyid LXFy I OKAS@PSE (GKS RSaAANBR FdzidzZNB O2y RA
Although TWC Chapt@6 does not require a GCD to monitor groundwater levels, it does require certain

well owners to install and monitor wells. For instance, TWC 836.i€quires permit holderfor

brackish water toimplement a monitoring system recommended by the TWDBrtwide annual

groundwater levels.

4.1.2 District Management Plans

All four of the Districts have imposed on themselves the requirement to develop and maintain a water
level monitoring program through their Management Plan section tittedals, Management Olijgves

and Performance Standardi this section, the Districts have very similar language toigwntained

in the VCGCD Management Plan, which provides the two following objectives and performance standard

Objective#1 : Develop and maintain a watérvel monitoring program.

- PerformanceStandard #1Each year, the Distrigtill summarize within the annual
report the water level monitoring activities including the number of wells monitored
and the yeato-year change of water level.

Objective #2Analyze water level monitoring information to evaluate water level trends and
determine the degree to which the District is complying with the Desired Future Conditions of
Gulf Coast Aquifer in Victoria County.

- Performance Standard #Zach year, the District will summarize within the annual
report the water level trends and the colusions regarding the compliance of the
District with the desired future condition of the Gulf Coast

Among the four Districts, only the CCGCD Management Plan provides a minimal number of water wells

to monitor, which is at least twelve (12) water wells. dheck the number of water wells monitored for

I aAy3ftS @SINE GKS 5Aa0NROGQa |yydzZ f NBLER2NI& | O A
report, VCGCD reported measurements from 111 wells. In their 2020 annual report, RGCD reported
monitoringwater levels irR0 water wells. In their 2019 annual report, TCGCD did not provide the

number of wells with measured water leveln.its 2021annual report, CCGCD reported that water

levels were measured in 21 wells.

4.1.3 DistrictRules

None of the DistricRules address the process of evaluating compliance with DFC or the analysis of the
water level data from the district monitoring well network. Consequently, the Districts Rules are not
directly relevant for establishing a minimum number nor for identiypmeferred locations for the
monitoring wells.

Texas Water Development BogiftWDBY;, Since the 1960s, the TWDB has monitored water levels
I ONRP&& ¢SElF&d ¢KS LidEN&lgréglam B B gainKePreseritabve ifférmagidn G S NJ
about static wate levels in aquifers (water levels unaffected by recent or nearby pumping) throughout

26



Final Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations
to Support the Development of a Reliable Program for Monitoring Water Levels

the state in order tasupportwater planning from the local to a more regional perspective. To distribute
wells in the observation network throughout the state in an egobie and reasonable manner, TWDB
geologists used formulas to apply to each couaifer combination that mainly relied on production,

but also considered other variables. Although these criteria determine the number of wells needed per
county-aquifer canbination, spacing requirements are qualitative. As described by Hopkins and
Anderson (2016), the criteria used by TWDB for determining the humber of adequate water level
observation wells per countgquifer combination is:

A 1 well/25 square mile$> 100,00 acrefeet of groundwater pumped annually)

A 1 well/50 square mies(> 10,000 & < 100,000 acfeet of groundwater pumped annually)

A 1 well/75 square mileg> 10,000 & < 100,000 acfeet of groundwater pumped annually,
coupled with little waterlevel fluctuation, or < 50 feet of decrease per decade in artesian
aquifers or < 20 feet per decade in watable aquifers as determined from the latest water
level change maps; or where few wells available as in extreme downdip limits)

A 1 well/100 square mileg>2,500 acrefeet & < 10,000 acreet of groundwater pumped
annually)

A 1 well/125 square mile> 2,500 acrdeet & < 10,000 acréeet of groundwater pumped
annually and little watetevel fluctuation or few wells available)

A 1 well/150 square mileg> 1,00 & < 2,500 acreet groundwater pumped annually)

A 1 wellfor entire aquifercounty combination (<1,000 acfeet groundwater pumped annually)

Table4-1 lists the number of wells for Calhoun, Jackson, Refugio, and Victoria counties that would
satisfy the TWDB criteria for a single aquifer based on the area and estimated groundwater production
per county. The number of wells ranged between 6 and 17 wells. Analysis of the simulated and
measured water levels for the Chicot and Evangeline aquifers for foeseounties by Young and

others R021)shows that differences of 40 feet and greater likely occur in the water levels between the
two aquifers. These differences suggest that the water levels measured in the Chicot should not be
assumed valid for the Emgeline and vice versa. As a result, the well numbers in Tablghéuld be
consideed as a lower estimate for a monitoring well network for both the Chicot and Evangeline wells.

Tabled-1 Estimated number of water level monitoring wells for ClatooyuRefagio and Victoria
counties based on a TWDtria (Hopkins and Ande2&di$) that considers area and total
groundwater production in a county

Ao otal Proa O Oad onitoring WellBased o DB e
0 : o Aquiter (acre 0 ate an Adequate ber o
2019 2020 onitoring Vells Tor an Aquite a Lo
Calhoun 1,033 1,152 1,092 7 well
Jackson 857 62,496 58,057 17 wells
Refugio 818 2,005 2,021 6 wells
Victoria 889 15,036 14,912 12wells

* TWDB web site (https://www3.twdb.texas.gov/apps/reports/WU/SumFinal_CountyPumpage)
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4.1.4 Summary of Findings

5SaLIAGS daA3ayAay3ad D/5a& Fa GKS adrisSQa LINBFSNNBR
with the responsibility to use the best available science in the conservation and development of
groundwater, theTWCdoes not require GCDs to monitor groundwakevels. Among the key reasons

for GCDs to have a monitoring network is to evaluate DFC compliathéeur GCBthat comprise
Districts have committed tmaintaininga groundwater monitoring program to evaluate DFC
compliance. There is little informatioprovidedby GCDs regarding the design of the monitoring
program and how they will use the monitoring data to check the D&©en that all four of the GCDs
are adjacent to each other, there would be advantages to the Districts if they coordinatedllbetion
and analysis of their monitoring dati®loreover, it would be beneficial for all of the GCDs in the Texas
Gulf Coast Aquifer to have a coordinated monitoring appro&ehirently,neitherthe TCEQor the

TWDB have provided any guidararaassistane GCD to promote the benefits of monitoring and to help
establishconsistency in the groundwater monitoring programs amongapproximately 100 GCDs in
Texas.

4.2 Technical Considerations

Technical considerations are those related to science of measurestatistical analysis, hydrogeology,
and interpolation in as they contribute toward developing reasonable and defensible approaches for
estimating average rates of water level change across large areas based on a finite number of water
level measurements @r time.

4.2.1 Statistical Considerations

Statisticatbased methods are often used to develop monitoring networks and to develop methods for
the collection and analysis of monitoring ddtibbons, 1994)T'he common type of statistical
approaclesused for degyning the size of well networks have the following underlying assumptions:

(1) the population of measured water levels is assumed to be a normal distribution; and (2) the well are
sufficiently spaced apart from each othéng measured water levels are hoorrelated and can be
considered as a set of independent samples.

Oliver and Piemonti (2018) and Uddameri and Andruss (2013) provide examples of stdiisteghl
methods for determining an approach size of a monitoring well network for a Gléer amd Piemonti
(2018) used a method called the Standard Error Approddddameri and Andruss (20133e a method
called the Statistical Power Analysis. Both approaches are based on the two underlying assumptions
mentioned above.

A Standard Error measured hgsecisely a sampling distribution represents a population. Equation 1 is
the formula fordeterminingStandard Error from the mean and standard deviation from a population.
The Standard Error &measureof statistical accuracy of an estimate. Equationaltes that has the
number of samples increases, the confidence in the accuracy of the mean of the value improves.

28



Final Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations
to Support the Development of a Reliable Program for Monitoring Water Levels

Equation1. SE= Kk KY (Equation 1)

Where:

SE = standard error of the sample

T Al YLXS &0 YRIENR RSOALFGAZY

Ky T aljdzZ NB NR2G 2F (GKS ydzYoSNJI 2F al YLX Sa
Figure4-1 shows an application of the Standard Error Approach for determining the size of a monitoring
well. Figure 41 was created by INTERA (Oliver and Piemonti, 2018) for Panola County GCD to illustrate
the benefit of increasing their monitoring network beyon@ Wells. For these sixteen wells, the average
water levelchange wag.5 feet and the standard deviation was 1.7 feet. Figufewias created by
applying Equation 1 to show that at 50 wells, the 95% confidence limit in the calculated mean change in
water level would bet0.5 feet.

Confidence in Average Water Level Change

TR R P
/

Estpected Deviation (feet)

— P i _— —
P | .
_.cu:-"‘"":"'ﬁ;_
-1 fﬁ K\\
-i5
f’{ Reco|mmendatic:n:
2 Monitor 50 ']bells at least annually
-2.5
o 20 A0 &0 a0 100
Mumber of Wells Monitored
Figuret-1 Expected deviation from the mean for various numbers of wells in the monitoring network.

Distribution assumes randomly spaced wells with normal distribution of water level changes
exhibiting a standard deviation fefet.around a mean

Uddameri and Andruss (28)Llapply a Statistical Power Analysis to estimate the number of monitoring
wells required to achieve a specific level of confidence in evaluating VGsa@gilance with theiDFC.
Uddameri and Andruss (2014) fined the problem using a statistical decisimaking matrix based the
two hypothesis

Null hypothesisThe average drawdown in treuntyis less than or equal to the acceptable
drawdownestablished as the DFC

Alternative hypothesisThe average drawdowis greater tharthe acceptable drawdown
established as the DFC.
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To implement their approactjddameri and Andruss @24) used water leveldrom 16 wellso calculate

a rate of drawdown fron2005 and 2010This analysis produced an average drawdown of 32é6with

a standard deviation of 7.76 fedtlsing these values as representative of the groundwater system, the
application of Statistical Power Analysis indicated that a minimum set of approximately 70 wells is
required within the VCGCD to statisticaliyaliate the compliance with DF@#th 90% reliability and at

a significance level of 10% and 90% power.

4.2.2 Geostatistical Considerations

Geostatistical methods rely on using both statistical correlations and mathematical methods to generate
values aunsampled locations. Geostatistics attempts to quantify the spatial relationship between data
and the uncertainty in that relationship. Geostatistics were developed for the geosciences where the
samples and populations of interest have discernable pattemd detectable covariances that void the
classical statistical analysis that are based on independent and uncorrelated samples. The most common
geostatistical interpolation method is Kriging. Kriging is a geostatistical interpolation technique that
consders both the distance and thiegreeof variationbetweenknowndatapointswhenestimating

valuesin unknownareas.Kriging accounts for the degree of variation, or spatial correlation, among the
data points through a semivariogram model.

In the groundvater literature, Kriging is a proven technique for optimizing the design of well monitoring
networks (Olea and Davis, 1999; Triki and others, 2013; Delbari and others, 2013; Zhou and others,
2013; Barca and others, 2013). In Texas, INTERA has used gtcstatievaluate the adequacy of well
network and to spatially interpolate water levels. INTERA (2012) used Kriging to evaluate the monitoring
network of 1155 observation wells used by the High Plains Water District (HPWD) to determine water
level change# the Ogallala Aquifer across 16 counties. INTERA (2012) shows that that all well spacings
in the HPWD monitoring network fall inside the correlation range of 50 miles for the water levels, and
interpolated estimates in intewell region have a standakviation of less than 1 foot for all areas

within the District boundaries. These two findings supported the conclusion that the HPWD well
monitoring well is very effective at evaluating water levels across the District.

The application of Kriging requs¢he data be analyzed to determine the distance at which the water
levels become uncorrelated. This distance is called the range. The range is an important value with
regard to establishing a monitoring well network because it establishes the maximuanabisthat

wells should be separated so that Kriging can provide informed calculations for estimating values at
unsampled locations. In their application of Kriging to interpolate water levels for the Districts, Young
and others (2021) define the range fitie Chicot and Evangeline aquifers by fitting empirical variograms
to measured water levels from 2000 to 2010. Young and others (2021) estimate the range for the Chicot
Aquifer to vary from about 20 to 30 miles and estimate the range for the Evangelinfeftguvary

from about 25 to 40 miles.

4.2.3 Existig GCIMonitoring Network in Gulf Coast Aquifer

As part of our technical review, we contacted general managers of GCDs to discuss their districts
monitoring well network?2 KA f S & dzLJLJ2 NI A vy 3 effortddirdpdatel tiidayeifll mBitordd 5 Q a
network, Young (2015) contacted the GCD general managers irs G816 to ask that they complete

an online questionnaire regarding water level and water quality monitoring. Thirteen GCDs completed
the ten-questionsurvey.Table 42 presents the tabulated responses. One of the questions asked is
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whether the district could be identified by name in a summary table. Two of the GCDs asked not to be
identified in the survey.

The survey in 2015 revealed that the majonfithe GCDs have an active monitoring program that
includes measuring water levels at least two times a year from at least 30 wells. Five of the GCDs
measure water quality parameters annually from at lesightwells. All of the GCDs rely on voluntary
cCoolJSNI GA2Yy FNRBY GKS ¢StfaQ 26ySNE® hyfeé YSySRe
monitoring locations were selected. Kenedy GCD stated that a consultant was hired to design the
monitoring well network.

As part of this project, INTERA talked widmgral managers for 14 GCDs in GMB or 16 Eight of the
GCDs had monitored more than 20 wellisie GCDs monitored less than 10 wehd.of the GCDs had a
similar approach for monitoring changes in water levels over tifhe. approach involved aveiiag the
measured water elevations and calculating the differences in the average water MoeBCDs

expressed concern on whether or not they had a sufficient number of wells including those GCDs with
less than 10 monitoring wells.
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Tabulated Responses from Thirteen GCDs who respondea igugdtiénnaire regarding their groundwater monitorifigomeoonkg, 2015)

[quEsTION

MName of Groundwater Conservation
District (GCD)

Date of Respanse

W ater Quality Monitoring

Monitoring Program

Meniti ter levels to determine if th tof wats duced needs to b At least, ly for th | t, but Il
Bee GCD 7/9f2014 Yes, TWDB 2 2 Hourly Q a N/A Not Assigned yes yes Annual Report CNEST EHEL S IS 168 TS 1 WS T TS LB S [SREt el i 19 8E Y es well owner cooperation is critical I EAENN W (TS EAE (Epet HMEWSHEN
reduced monthly
g 40-year|
Not Identified 7/29/2014 Yes, TWDB 54 3 aa yea;:; 8 0 Yearly Not Assigned yes Board Reports no Analyze trends of drawdown associated with pumping voluntary cooperation analyzed monthly, reported to GCD Board monthly
-monthly
Monitor wells are distributed more or less
uniformly across the county. More monitor [Monthly results are reported at each Board meeting.
Uses TWDB M t Qur district’ i tpl dated will i te th f it
Colorado County GCD 7f15/2014 No 12 0 Monthly 0 0 N/A S(_Es yes anagemen no ur ‘,S Ticts Upcoming Management plan updated will Incorperate theuse otmenitor | ¢ o present In zones where exempt  |Graphic results are shown for key monitor wells which
Assignments Plan wells in adherence to DFC o o 5 i
usageis higher. Well owner cooperation is |may impact future policy.
voluntary.
Not Identified 7/29/2014 Yes, TWDB 10 0 Monthly 0 0 N/A Not Assigned |  yes no noresponse  |Analyze drawdown to pumping within district voluntary cooperation monthly reports to the board
Well owner cooperation is voluntary. Wells [Thewell levels are entered monthly into our database
Evergreen Undgerground Notyet, M t lected based on thef hical d analyzed imatel ter. Hyd h
8! 5 N 8 o, 7/9/2014 orye ~80 TWDB wells Monthly 1} 0 N/A NotAssigned|  yes anagemen no To document drawdown levels both seasonally and over a long period of fme. are S,e ete _BSE on heirgecgrapnica . S L AL qu.ar o BTl
VWater Conservation District maybe USGS Plan location, aquifer, ease of access and are made on selected wells and are given to our Board
maonitoring, and landowner parmission. mermbers
Management Objective 6.2: Report Water Level Changes
At least once every three years, the District will evaluate the water levels within the
monitoring well netwark for each aquifer to determine whether any changes in the X .
L ) 3 - Well owners aregiven an option on the well
manitoring well levels are in conformance to the desired future conditions adapted by 3 . .
o registration form to volunteer to have their
the district. . . " . o At |east once every three years, report to the board of
. wells monitored in our "Aquifer Watch' ) ) 3 )
) Management 6.2 a: Atleast once every three years, report to the board of directors, water well levels o directors, a comparison of drawdown, if any, with the
Fayette GCD 7/9/2014 Yes, TWDB 69 0 Yearly 23 0 Yearly Not Assigned|  yes yes ) o 3 program. Wells are evaluated by district o X )
Plan with the monitoring well network for each aquifer. . o B manitoring network of each aguifer and the desired
. staff for inclusion in the program. Sampling . )
6.2 b: At leastonce every three years, report to the board of directors, any changes to . future conditions set for each aquifer.
) o 3 results and water level determinations are
the water levels with the monitoring well network for each aquifer. )
) . provided to the well owner free of charge.
6.2 ¢: Atleastonce every three years, report to the board of directors, a comparison of
drawdown, if any, with the monitoring network of each aquifer and the desired future
conditions set for each aquifer.
The data is analyzed when the reports are received from
Well owner cooperation is voluntary. When |thelab to determine if changes have occured. This
. . the wells wereregistered as grandfathered |information is reported to the landowner as well as to the
Thegoal is to measure the levels and determine amount of water level drop from T 3 3
" 5 Management - ) L 5 wiells we asked permission to monitor the  |GCGCD Board, on our website, to TWDB, and to any other
Goliad Country GCD 7/9f2014 Yes, TWDB 135 0 2xfyr 15 1] Yearly Not Assigned yes no previous measuremeants. Water quality testing /s done to determine whether or not | 3 )
Plan T ) _ L water levels. The water quality wellswere  [agency that needs the infarmation. {TCEQ, RRC, EPA).
contamination fs occuring and then to determine the cause of the contamination. ; - . ) .
woluntary with the wells chosen specific to  [GCGCD reports to the public through articlesin our local
their location and depth. paper and on our website the results of the water evels
twice per year.
M t C Itant developed plan. Volunta
Kenedy County GCD 7/23/2014 Yes, TWDB 50 0 2xfyr 20-25 a Yearly Not Assigned yes an;‘gaemmen yes Monitor trends in water levels and water quality. csg‘;:rat?on Svelopec pian. voluntary Data reported twice a year. To BOD.
Live Oak Underground M t Wells that il Tble and well wh the GM] has time, but at th | tf
g. o, 7/9f2014 Yes, TWDB 3 1 Monthly 0 0 N/A Not Assigned yes anagemen Annual Report  [Monitoring water levels to see if the producton limits need to be changed. s thatare e?s\ y ac_ce“‘ S Andwe e [Jins 1 ime, o e ime eyl repart for
Water Conservation District Plan owner cooperation is vital sure.
Well owner cooperation is critical, and our
Management problem 1s finding wells that can be used in
McMullen GCD 7/9/2014 Yes, TWDB 0 0 N/A a 0 N/A Not Assigned yes P\gam Annual Report |Monitoring water levels to see if the praduction limits need to be changed. the monitoring network. Most wells are annually in the annual report to the board
cased such that itis impossible to retrieve a
water level.
Pecan Valley GCD 7/17/2014 Yes, TWDB 30 0 2x fyr 1] 0 N/A Not Assigned yes Policies Management  [Information and DFC Compliance Voluntary by landowner twice a year to the board and yearly to TWDB
Well owner cooperation is vital, and as soon
San Patricio County GCD 7/9/2014 No o 0 N/A a o N/A Not Assignad o Management Annual Report Water \eve\ls to determ\'ne.\'f the production Hﬂ’.ﬂ'tS need to be changed. Currlemjy funds |as thfe District ha.slthe available funds and Annually
Plan are not available to establish a program or to find the wells needed to monitar. can find some willing cooperators, a
monitoring program will be established.
Voluntary cooperation with landowners; nF » =4 5 B o s
a q nformation reported to Board of Directors duriny
Victoria County GCD 7/21/2014 Yes, TWDB | 60-70 1 2% fyr 60-70 1 2xfyr Not Assigned|  vyes yes no Monitar wchange in water levels; monitor change in water quality. selection based on seeking broad meetings P 3
distribution of wells.

32




Final Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations
to Support the Development of a Reliable Program for Monitoring Water Levels

Tablet-3 Tabulated Responses fGfDs who responded to a question28itd ior gerbal survey in
2022 regarding their groundwater monitoring network

ame O ounhawate onservation D
Response in 2014 Response in 2022

Bee GCD 2 4
Brush County GCD NA 50
Coastal Bend GCD NA 33
Coastal Plains GCD NA 9
Colorado County GCD 12 18
Duval County GCD 22
Evergreen Underground Water Conservation Dis| ~80 25
Fayette GCD 69 45
Goliad Country GCD 135 80
Kenedy County GCD 50 50
Live Oakinderground Water Conservation Distric| 3 3
McMullen GCD 0 3
Pecan Valley GCD 30 2528
San Patricio County GCD 0 No wells yet

Summary of FindingsExamples of statistical and geostatistical methods were presentadgess the
adequacyof the numberwells ina monitoring networkA concern with application of the statistical
methods to water levels is that it assumes the measured water levels aregn@ndom population and
are independent samples and therefore uncorrelateldwever,assumptionsinvalid forwells in the
Gulf Coast AquifeFirst, the water levels are not flat but will have a hydraulic gradieritend of lower
water levels in thalirection of the Gulf Coast meaning the water levels are not sampled from a
random populationSecond, simple calculations using the Theis (1935) equations will show that the
majority of permitted wells in the Gulf Coast Aquifer will have raditamfluences that extends tens of
miles¢ meaning that water levels will be correlatddnlike theclassical statistical approaches,
geostatistical approaches were developed to handle correlated data bgfusgariogram.
Geostatistical analysis by Young anldess (2021) shosthat water levelsn both the Chicot and
Evangelinequifersare correlated to a distance of at least 20 milBased on our analysis of the
geostatistical literature, the geostatistical approaches offer more besifelitthe collection ad analysis
of water level data than does statistical approaches.
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5.0 POTENTIAL BENEFIOF QUANTIFYING PREDICTIVE
UNCERTAINTYO GROUNDWAREIONITORING

5.1 BACKGROUND

Texas has entrusted its GCDs with the management and stewardshigafutsdwater resources.

Implicitin their responsibility ofjroundwater stewardship is the need to regularly monitor aquifer
conditions including groundwater water levels amggloundwater productionOne of the more useful
activities that a GCBan undertak to characterize the changing aquifer conditions is to monitor

changes in water levels and generatntour maps of water level&\mong thebenefits of a

comprehensive program for collecting and analyzing data is the ability to develop a sound approach fo
evaluatingcompliance with drawdowsbased DFCs.

This section addresses two factors relevant to developing a groundwater monitoring pragnem.
factor is the list of multiple groundwater management issues that benefit fagroundwater
monitoring progam tailored to address management and stewardship issues relevant to théoGCD
accomplish its goal3.he other factor is sufficienowledge of different approaches for incorporating
uncertainty into the interpolation and analysis of data so that the @&bitailor its work so that the
level of risks associated with alternative decisions can be addressed and perhaps everneguantif

5.2 GROUNDWATER MONITORING TO SUPPORINREEMENT OF
GROUNDWATER RESOURCES

Texas Water Code provides a comprehensive figtaundwater management responsibilities for GCDs.
TWC 836.0015 states that GCDs were created in ordenmotade for the conservation, preservation,
protection, recharging, and prevention of waste of groundwater, and of groundwater reservoirs or their
subdivisions. TWE€36.0015 also states that GCD si&e's preferred method of groundwater
managementand they are charged with using the best available science in the conservation and
development of groundwater through rules developed, adopted, and promulgated by a district.

The TWC alslistsspecific groundwater management issues for Ga&sGMAdor which water levels
are required tdfulfill their purpose These issues include:

Conjunctivesurface water management

Theannual volume of water that discharges from the aquifer to springs and any surface water
bodies, including lakes, streams, and rivers

Evaluatiorof permitted production

Desiredfuture conditions

Controllingand preventing subsidence;

Theannual volume of flow into and out of the district within each aquifer and between aquifers
in the district, if a groundwateavailability model is available

Hydrologicatonditions, including for each aquifer in the management area the total estimated
recoverable storage as provided by the executive administrator, and the average annual
recharge, inflows, and discharge

A Environmetal impacts, including impacts on spring flow and other interactions between
groundwater and surface water

A
A

I > >

>
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Based on provision TWC Chapter 36, GCDs have the authority and the responsibility to manage
groundwater within their jurisdictionin order to detemine groundwater flow directions, flow between
aquifers, impacts from groundwater pumping, groundwater storage, groundwsatdace water
interaction, and compliance with drawdowrased DFCs, geohydrologist and GCDs alike require
information on water leve. In addition, in order to develop and to improve GMroundwater
modelers and GCDs alike need measured water levels.

All analysis of water level data includes uncertailitfthout a knowledge of the uncertainty associated
with an analysis that affects groundwater management, GCDs may not be in the best position for
making awell-informeddecision.One area where an assessment of uncertainty would benefit GCDs
predictionsof future water levels from GAMs that are used to determine DFFs . practice of using
GAMs during the joint planning process typically ignores uncertainty in GAM prediction altteugh
exists clear evidence that GAMs as not perfect simulators as demaded in results of the model
calibration process wherein the model simulation cannot match historical water levels and results of
numerous aquifertestd. y Lb¢9w! Q&8 SELISNASYOS 62Nl AYy3I 6AGK D/ 5:
guantify uncertainty in hydbgeologic analyss. Uncertainty, however s generally avoided not so much
because it is not important but because the procesdaiermininguncertainty is not well understood
That isthere exist concern about the large magnitudes of uncertainty thah overwhelm the
calculated quantity. Uncertainty can albe costly and timeonsuming to determine

Situations where uncertainty has valaezwhere the GCD decisions regarding technical anatyaisbe
guestioned or challenged prime example of suchtechnical analysis is an evaluation of DFC
complianceTo help demonstrate how uncertainty could affect a regulatory decision, a hypothetical
situation is presentedlhe hypothetical situation involves a drawdowased DFC of 90 ft for average
drawdownfrom 2010 to 2070 and a calculated average drawdown of 100 ft (10 ft greater than the DFC)
for the period 2010 to 2030 based on measured water leviedble 51 presents three options that

assign different levels of uncertainty with each of the two parameteos.both parameters, the options
include options of relatively small uncertainty (option 1), of relatively large uncertainty (option 2), and
unknown uncerainty (option 3).

Table & Ranges of uncertainty associated with the determination of the DFCs and with an average
drawdown calculated from measured water levels for aft hypothetical decision

Options for Different Levels of Uncattai
DFCof 90 ft Average Drawdown f| Option A.the 95% confidence is + 1 ft
2010 to 2070 based on GAM Option R.the 95% confidence is + 30 ft
Simulation Option . confidence limit is unknown
Calculatedverage Drawdown fron Option B.the 95% confidence is = 5 ft
2010 to 2030 from Measured Wa] Option B.the 95% confidence is #50
Levels Exceeds DFC by 10 ft Option B.there is no estimate of confidence interval

For the two parameters in Tablel5 there are nine alternative situations that can be created from the
combination of twoparametersthat each have three option3.able 52 lists the three of these options.
If Option 1 is valid for both parameters, thdmere is approximately 95% probability that the DFC has
been exceededf Option 2 is valid for both parameters, then there is less than apto¥ability that

the DFC has been exceed&dr these two case§CDactionwill likely be decided as much on the
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calculated value as the uncertainty associated with the calculated Vialrehe situation where Option
3 is valid for both parameterthe GCD decisiois more likely to be challenged than the GCD decision
associated with the situation #1 or #2.

Table &2 Ranges of uncertainty associated with the determination of the DFCs and with an average
drawdown calculated from measured water levels for aft hypothetical decision

Alternative atio A oclated alua 0
ompliance Detined by Diirere oNioina®
Optio AD|e-D © e O :' U oIe
4 Determinationf Determination of ’ ) )
DFC Average Drawdown
1 Option A Option & Technical analysis indicates that the probability that DFC

(low uncertainty, (low uncertainty) | exceeded is greater than 95%. Corrective action is requir
Technical analysis indicates thatabability that DFC has b

2 (hior? ?x%rggtaint (hiohpﬂgge%aint ) exceeded is less than 4Détect additional data and perfori
9 ) 9 y analysis to better define risk of exceedance.
Option 8 Option & Technical analysis capnovide a defensive estimate of the
3 (no uncertainty (no uncertainty i
) : probability that an exceedance has occurred.
evaluation) evaluation)

5.3 METHODS FOR QUANTIFICATING OF UNCERTIANTY USING KRIGING

Spatialinterpolation methodsare used tgredict values for a variable of interest at unsampled locations
based ordata from sampled locationg he various interpolation methods available differ in the number

of samples used in the model and how those results are weighted, and each method odageea

different result. The more complex and advanced interpolation methods such as kriging have associated
measurements of uncertaintyn most cases the measure of uncertainty can be used to determine
probabilities of exceeding prescribed thresholdues.

There are three approaches that are commonly used to estimate uncertainty associated with kriging.
These three approaches include: calculating the kriged variance, performingval@sion, and
generating sequentidbaussiarsimulations Each of hese approaches provide a different measure of
uncertainty that can be useful to the analysis of measured water leVhks Kriged variance provides an
estimate of uncertainty at the unsampled locatioMalues generated frorarossvalidation can provide
estimates of uncertainty at a sampled location if no data had existed for the sampled lod&idnthe
Kriged variance and the craesalidation are useful for estimating uncertairay specific locations such
as a drawdown at a well locatioHowever, thetwo methods arenot useful for evaluating uncertainty
of an ensemble of points that cover an ardamong the best options for evaluating uncertainty
associatedvith average drawdowns acroascounty is sequential gaussian simulati®®&S)Each of
these methods are described below:

5.3.1 Calculate The Kriged Variance

The variance in the interpolated values in the intezll regions depends on (a) the distance from
observations, and (b) the variability in observed water levels. Thus, areas with laigewnan
measured values will tend to have more variability in the interpolated values because the value would
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depend strongly on the random path used to reach a given point. Areas with few measurements would
also tend to have high uncertainty, as therewid be no measurements to constrain the estimates
leading to large variation across different realizations.

5.3.2 Perform Cros¥alidation

Crossvalidation analysis consists of sequentially removing one-gatat from a dataset, and usinge
remaining datgpoints to estimate the value at the missing dagaint. Comparison of the estimated
value with the real value can give information about (a) the importance of the missingpdatg (b)

the sensitivity of the estimated values to data, and (c) an ufigmemd on the expected erroBecause
crossvalidation analysis is calculating valuesly a location where there are measured values it not
providing a measure of the error at unsampled location, which is what a kriged variance pravides.
crossvalidationerror can also be thought to provide an upper bound on the expected error around a
given well. The error in the unsampled region will be between the eraldation errors of at the
sampled locations around the unsampled region. Ck@dilation can be wed to assess the quality of a
single kriging approach, but another common application is to use -w@l&kation to compare two or
more kriging approaches to determine which one performs better.

5.3.3 Generate Sequential Gaussian Simulations

SGS consists ofing krigingbased interpolation with the original data (sampled values) as well as all
previously simulatedaluesproximal to the interpolation location. The exercise is repeated with

different random paths that visit each grid node once. A realizationnspleted when every grid node

has an estimated value. A standard algorithm from the GSLIB geostatistical package (Deutsch and
Journel, 1992) was used to create these realizations. A total of 100 equally likely conditional realizations
of depth to water vere created using this approach.

5.4 QUANTIFICATION OF KRIGING UNCERTIANTY

Young and others (2021) constructed continuous grid of interpolated water levels for the Chicot and the
Evangeline aquifers from 2000 to 2020 using ordinary krigindinaryKrigng gives the optimal

prediction under the assumption of secowdder stationary, a normal distribution for the modeled
variable, and the absence of any trend in the d&g.optimal prediction, what is meant is that Kriging
provides the best linear unbiasguledictionat unsampled locations and reproduces the measured

values at all sampled locations exacReaders interested in knowing more about kriging can find
additional information in Young and others (2021) and textbooks such as Goovaerts (1997)cand Pyr
and Deutsch (2014).

Young and others (2021) developed the water level surfaces using measured water level and résiduals.
residual is the difference between the measured value and value produced by the trend at the location
of the measured datayoung and others (2022) generated the residuals by subtracting a trend surface
from the measured water levels. The trend surface was generated by smoothing and filtering the results
of simulated water levels using tli@AMfor GMA 15The residuals were genated in order to remove

the spatial trend in the measured water levelie occurrencef longrange trends is routinely

observed in regional water level surfaces (Kitanidis, 1997) because water level elevations are
predominantly determined by hydraulimundaries (such as higklevation recharge zones) and lower
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elevation discharge zones (such as rivdrsjhis section, we will uséhree approaches to evaluate the
uncertainty associated with the interpolated water surfaces.

In the next threesectionswe estimate uncertainty associated with kriging by calculating the Kriged
variance, by performing cros&lidation, and by generating sequential Gaussian simulatidesapply

these three types of analysis to the 2020 measured wieteel data used by Yogrand others (2021).

The data consists of 105 and 111 measured water levels in the Chicot and Evangeline aquifers,
respectivelyTable 53 shows the number of water level measurements from Calhoun, Jackson, Refugio,
and Victoria counties.

Table 8 Distribution of 2020 measured water levels in the Chicot and the Evangeline aquifers among
Calhoun, Jackson, Refugio, and Victoria Counties

her We Water | eve
° Chicot Evangeline
Calhoun 5 0
Jackson 14 2
Refugio 7 1
Victoria 14 28

Figure 51 shows the variograms for the Chicot and Evangeline aquifer that was used to krigggPhe
water levels and the residuals generated by Young and others (ZD&dle 54 shows the attributes of

the variogramsA variogram has three attributes that summarize important aspects of the spatial data.
These three attributes are described below and are illustratdeigre 52.

A Rangec is the maximum distance between points tgpwhich there is information on the
correlation/spatial relationship between two data points.

A Nugget Effect nugget represents the smadtale variability of the data. A nugget is defiras a
variance that exists at scales less than smallest spa@ndistused to create the variogram.
portion of that short range variability can be the result of measurement error

A Sillgis the sample variance, which is a measure of the spread or variability in the data points
that are not correlated. The sill is deteine by the sum of the variance of nugget effect and the
variogram used to represent the correlation/spatial relationship among the points

Table & Attributes of tispherical variograms illustrated in Figure 5
; Kriged . .
Aquifer Parameter Variogram | Variance (#
Water Levels Nugget all 0
Chicot Spherical 62,148 1,454
Residuals Nugget 223 0
Spherical 477 42
Nugget 0 0
Water Levels -
. Spherical 9,124 68
Evangeline
. Nugget 123 0
Residuals -
Spherical 1,218 84
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5.4.1 Calculate The Kriged Variance

Figure 53 shows the contours of the kriged water levels for the Chicot Aquifer based on 2020 measured
water level dataFor conveniencghe results generated by the kriged water levels will be referred to as
KWL values ahthe results generated by kriged residuals values will be referred to as KRS values.
Figure5-4 shows contours of th&riged standard deviations for the two sets of contours in Figute 5

The standard deviation is calculated by taking the square abtite total variance of the variogram.

Figure 55 shows the contours of the kriged water level for the Evangeline Aquifer based on 2020
measured water level dat&igure 56 shows the contours of the kriged water level for the Evangeline
Aquifer based 02020 measured water level data that were generated by Young and others (2021).

The observed difference in the water levels and the standard deviations are directly related to the
differences in the variograms among the four data sets. The KWL contoursoagecontorted than

their KRS counterparts because they have a smaller nugget effieeaining they will more precisely
honor the measured water levels at each locatibhe smaller nugget is also the cause of the lower
standard deviation near the measutelata for the KWL results than the KRS resliit3able %, the
nugget contribution to the standard deviation ranges dt for the Evangeline KWL analysis to 15 ft (aka
square root of 223 f) for the Evangeline KWL analysis.

The standard deviatiorig areas far from a measured water level are greater for the KWL results than

the KWL results because of the greater variance at the defines each varidgsarg.the distance of

200,000 ft (about 38 miles) from nearest data point, the standard devia@erchined from the

variograms from the Evangelif®VL analysis, the Chicot KWL analysis, the Evangeline KRS analysis, and
the Chicot KRS analysis is approximately 84 ft, 47 ft, 30 ft, and 25 ft, respectively.

A detailed examination of Figures3ihrough5-6 will show the control that the spacimtjstances and
unsampled location and the nearest sampled locationddsminant effect on both the interpolated
water level and standard deviation at that unsampled locatidiat can be learned from such an
analysis is that the variogram provides useful insight into the desired spacing betweasured water
levels.In addition, the comparison dfifferences between the interpolated water levels between the
KWL analysis and the KRS analysis provides useful atfomon the desirable locations of new
monitoring wells.

5.4.2 Perform Cros¥alidation

A limitation of the Kriged variance that it primarily determined by the location of the data, the spacing
between the data, and the variogramhe Kriged variance is notgiendent on the actual values of the
points as it should not be if the underlying assumptions of Kriging are fully met. However, these
assumptions are usually not fully met and therefore a Kriged variance albeit a very useful metric is not
necessarily a redble measure of the true uncertainth more appropriate measure of uncertainty, or
more correctly an upper bound on the expected eriigrobtained by performing crosalidation.

Table 55 shows the results from a crossilidation for the KWL analysasd the KRS analysis for the
Chicot and the Evangeline aquifef$ie results indicate that the KRS method has less expected error
than the KLW methodlhe primary metric that supports this conclusion is the notably lower standard
deviations for both the Qbot and the Evangeline crasalidation applicationg-igures 57 and 5-8 plot
the data used to create the 2020 results in Tabige. Bll of the plots include a dashed black line which
represents a perfect match between the measured value and the sf@skation value Therefore, the
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less spread there is among the points around diashed black line, the smaller the standard deviation
and the lower the standard deviation.

Table % Comparison of average value for the difference between the meaisdribe vallue
calculated by cresslidation for all points associated with the 2020 data and for all points
associated with the data fromZ0for the KLW and the KRS analysis for the Chicot and the
Evangeline Aquifers

ed 0. 0 alldatio a e
Aquife ged Method Average Standard Deviation
2020 20062021 2020 20062021
_ Water Levels (KWL) 1.1 1.1 8.0 6.4
Chicot :
Residuals (KRS) 0.5 0.5 3.9 2.3
. Water Leve{&WL) 0.6 0.6 7.9 6.5
Evangelin ,
Residuals (KRS) 0.6 0.6 4.8 5.3
5.4.2.1 Generate Sequential Gaussian Simulations

Aset 0of 100 Gaussian simulations were generated for each of the KWL and KRS analysis for the Chicot
and Evangeline water level values measured in 2086.simulations wergenerated using the program
HEIDGEN (Doherty, 2010) and the variogram parameters in Tadbl&d& each of the simulated

continuous field of water levels, standard deviation was calculated for the calculated average water
levels for Calhoun, Jackson, Rgéy and Victori@ounties. Table 56 provides the standard deviation for

the 16 scenarios created by the combination created from fanumties,two aquifers, and two kriging
methods. The results clearly show that the KRS methods consistenvisignificantly lower standard
deviations than the KWL methotihe lower standard deviations indicate that the KRS method has less
uncertainty than the KWL fateterminingaverage water elevation for a county.

Table % Standard Deviations of the average hkRienetin water levels determined for Calhoun,

Jackson, Refugio, and Victoria County for the 2020 data set for the Chicot and the Evangeline
based on 100 Sequential Gaussian Simulations.

Aquifer ‘ County‘

Kriged Method Deviation

‘ Standard

Water Levels (KWL) 31.0

Calhoun -
Residuals (KRS) 0.5
Water Levels (KWL) 26.6

Jackson -
Chicot Residuals (KRS) 0.5
Refudio Water Levels (KWL) 26.8
g Residuals (KRS) 0.4
Victoria Water Levels (KWL) 25.9
Residuals (KRS) 0.5

W L Is (KWL
calhoun ater evels ( ) 6.6
) Residuals (KRS) 1.0
Evangeline

Jackson Water Levels (KWL) 4.5
Residuals (KRS) 0.7
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Aquifer ‘ County ‘ Kriged Method ‘ S:‘/?gt?(;ﬂ
Refudio Water Levels (KWL) 5.3
g Residuals (KRS) 0.7
. . Water Levels (KWL) 4.9
Victoria .
Residuals (KRS) 0.5
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6.0 EXPANSION OF MONITORING WELL NEVWWIBRK
CONSIDERATION FOR SUPPORTING GEOSTANSICALS
OF DATA

6.1 BACKGROUND

The construction and maintenance of a comprehensive groundwater monitoring network is among the
more costly activity that GCDs perforidentifying favoablemonitoring well locations is time
consuminglnstallation of wells iexpensiveSecuring leasing is resource intensikad, obtaining and
analyzingdata is the trifectait is time-consuming, expensive, and resource intensvensequently,

GCDs should have a watlasoned and thought monitoring objectives and approaataficomplishing

the said objectives before embarking on expansion of their monitoring well network.

This section is to provide a framework with CCGCD, TGCD, RFGCD, anth\é&e0D their

monitoring network.For convenience of brevity, these four GCOlshe referredto in the collective as

the Districts.The framework will include identifyingonitoring objectives based on a stakeholder based
process and a systematic processgdoritizingthe locations for additional monitoring wells.

6.2 CONSIDERATIONS HFO®ANSION GFONITORING WEHLETWORK

The considerations for the monitoring well expansion includes the monitoring responsibilities identified

in Section 5.2 and a stakeholdeased evaluation of project priorities (Young, 2013mongthe GCDs
management responsibilities related to monitoring water levels is evaluatmpliancei 2 G KS D/ 5Qa
DFC.The importance of evaluating DFC compliance was echoed in the responses from a Groundwater
Advisory Committee (GWAC) that was created/GCD that consisted sthkeholders that

represented different groups of groundwater users in Victoria Coufying(2013) present the results

of two surveys regarding groundwater issues, discussion and selection of potential projects, and a

ranking of hirteen projects that were developed as opage descriptions that included an estimated

cost for the project.

Table 61 liststhe ranking of 13 projects evaluated by the GWAEethree bolded projects are
associated with the collection and analysis efter level data from a monitoringell network.The 13
projects were ranked by each GWAC membith a of score 1, 2, 3, or 4, which represented a resource
utilization of poor, fair, good, and excellent respectivdlie final ranking for each project whased on
the average of the rankings assigned to the project by the stakeholfiabte6-1 provides the average
scores for the projects. The average scores ranged between 3.75 td-ivé5rojects were assigned a
high resource utilization rankin@hreeprojects were assigned a moderate resource utilization ranking.
Four projects were assigned a low resource utilization score

Out of the three projects involving the collecting and analyzing groundwesiter leveldata, one

project was rated as high andid projects were rated as lowhe project with a higpriority rating was

GAGE SRY &t NP 2 S QialyzingMorit@ifigioat®td Dozument Ghanyds in Aquifer

Conditions, Address District Concerns, and Evaluate Conformance with Desired Fututierond

6 5 C/ Taatwoéprojects with lowlJNA 2 NR G & NI (A y 3 & MgaSuBendbfMWaterSRY dat NB 2
Levels in VerticallgtagedMonitoring Wells to help estimate Vertical Groundwater Flow and to help
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Monitor/AnalyzeWater Level Datal Y R & t N@o8cSpiualization end Characterization of
GroundwaterSurface Water Interactions Based on Changes in Monitored Water Levels and Wate
vdzl £t Adé& aSI| &dz2NB ¥aed prajebts hatefdBecidbia®erldp 2vigh four of the eight
water level relatedssues discussed in Section 5.2 that ineohonitoring groundwater levels.

Table & Groundwater Advisory Committee StakeholdgraR&n&posed Projecin Young, (2013) .
The three bolded projects are associated with the collection and analysis of water level data fron
monitoringell network.

atlo Proposed Proje
Group | Score

35 Project1Assessment of the GMA 156s GAM
'~ |Capabilities to Help GCDs achieve their Goals and Objectives.

35 Project 2Literature Search for Hydraulic Test Data in Victoria County to Help Eg
"~ |HydrauliProperties to Improve Predictions of Pumping Impacts and Sustainabili

35 Project 3LargeScale Aquifer Test(s) to Characterize Aquifer Properties and Imp
"~ |Conceptualization of Groundwater Flow System in Victoria County

High Project 5Development of PumpingacAssessment ToolCgpable of Evaluating W4
3.75 |Level Change and Zone of Capture Associated-eapatligtwells, Injection Wells,

operations, and Development of Brackish Water

Project 6. Methodology #nalysing Monitoring Data to Document Changes in Ag
3.5 |Conditions, Address District Concerns, and Evaluate Conformance with Desire
Conditions (DFCs)
35 Project 12Evaluation of Recharge Rates Estimated from Previous Field Studies
) Collection and Analysis of Additional Field Data
3 Project 4DataGap Analysis of Well Construction Information and Identification g
Susceptible to Drawdown Impacts

Moderatf 3 |Project 8Evaluation of the Sustainabi@yoohdwater Resources Using the GAM 1

275 Project 9Development of Adaptive Monitoring Practices to Achieve Sustainabilif
: Groundwater Resources

1.75 Project 7Assessment of the Potential for Injection and DisposatWetislfolmpact
: Groundwater Resources

2 o5 Project 10Measuremertf Water Levels in VerticadhagedMonitoring Wells to help
: estimate Vertical Groundwater Flow and to help Monitor/ANalgrd evel Data

Low . o o
Project 11Conceptualization and Characterization of Ground3uatiaice Water

1.75 |Interactions Based on Changes in Monitored Water Lev#atardQuality
Measurements

2 o5 Project 13Characterization of the Water Quality Based on Analysis of Well Mon
: Analysis of Geophysical Logs

Based on GCD responsibilities in TW&Cand responses from the GWAC created by VCGCD, the primary
objectiveof the monitoring program should be to document changes in aquifer conditions over time and
to evaluate compliance with DF@glditional objectives that should be deemed of consideradsdsg |
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importance would be to monitor groundwater levels near river gauges and to monitor water levels in
vertically staged monitoring wells.

6.3

GENERAL APPROACH FOR IDENTIFYING CANDIDATE MONITORING WELL
LOCATIONS

INTERA has assisted numerous GCDs with exgatidiir groundwater wells monitoring locations
(Young, 2013, Young, 2014, Young, 2005;0liver and Piemonti, 2018; INTERA, 20b2Young and
others,2015. Although each of these applications are different in their monitoring well selection
criteria, the general approach used for each application is sinfife.process involves the three
following steps:

A

A

> > >

>\

Stepl5STFAYS (KS 202S0GA@PSa 2F GKS D/5 Y2YyAG2NRy3
set of monitoring well locations

Step 2.Identify candidate wells that appear suitable for use as monitoring wells by searching the
GCD database of exempt wells and/or the TWDB database of submitted drillers€pDRS).

Step 3ldentify areas where additional monitoring wells would provide dfgal water level
information for accomplishing the district goals.

Step 4 Overlap the location of candidate wells with the monitoring areas of interest and select a
set of candidate wells for each monitoring area.

Step 5Prioritize the monitoring aa of interestand prioritize and select theandidate wells per
monitoring area based on available well specifications and the GCD monitoring objectives

Step 6.Tabulate theselectedcandidate wells by monitoring area and include relevant well
information. Identify areas where new wells would provide the most beneficial areas if no
candidate wells exist.

Among the key factors that affect how tlsex stepsare implemented are theomplexity of the site
geology, the monitoring objectives, and the GCD ardarg. A highlevel summary of the approach can
be visualizd using results from its application for ti@astal Plains GCD in Matagorda Couritg

upper image in Figure-8 summaries several key features, which includeltltations of candidate

wells wth and without screen informatiori,1 monitoring areas of interest, and the locations of four
existing monitoring wellsThe monitoring areas of interest were delineated based on differences in
production types and amount3.he candidate wells were based water use type, aquifer assignment,
installation date, screen interval, and well diametafter culling the candidate wells based on selection
criteria, the highest rated candidate wells kept for final consideration by thes®EEheir monitoring
program. Final selection of thadditional monitoring well was required a obtaining a candidate well or
drilling a new well.

6.4

IDENTIFICATION OF CANDIDATE WELLS AND WELL LOCATIONS

6.4.1 Current Well Monitoring Netwarid Candidate Wells for Expanding the Network

The candidate wells for wells for the monitoring network for the Districts consists of three gobup
wells.Wells in each of these groups were assigned to either the Chicot or the Evangeline Aquifer based
on their well depth and the aquifer surfaces asisted with the GMA 15 current GAM (Chowdhury and
others, 2004). Figure6-1 shows the location of the wells belonging to each group for the Chicot and the
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Evangelinequifers. Well Group 1 consists of wells that have been monitored for at leastwater

level fom 2016 to 2021These wells are shown as red squak¥gll Group 2 consists of wells that were
monitored at least once from 2000 to 2015 but were not monitored from@@i12021.These wells are
shown as black dot¥Vell Group 3 consists of wells that have been installed since 2021 and are a part of
the TWDB SD&atabaseThese wells are represented as gray dots.

For each of the four counties that comprise the Distriats have assumed that the initial monitoring
network can be reasonably represented by wells in Well Group 1 and Well Grotp &orking

assumption is that the GCDs will have about a 90% and about a 70% chance of obtaining permission to
monitor Well Grop 1 and Well Group 2, respectively.

Well Group 3 are the location of candidate wells that could be used to expand the monitoring well
network. The presumption is that there is about a 20% chance that a GCD will be able to reach a
monitoring agreement wittan owner of a Group 3 weliDR wells that were considered as candidate
wells include those with well use types of domestic, livestock, rig supply, and irrigabiéhwells that
were not considered as candidate wells include those with municipal, miambindustrial use.

6.4.2 Monitoring Areas Where Beneficial Water Levels Can be Measured

Threepriority levelswere used to categorize the proposed locations for maanitoring wellsTable 62
provides a brief explanation of the three levdlgvel 1 is thdighest priority.Level 3 is the lowest
priority and Level 2 is an intermediate priority.

Table & Description of the Three Monitoringthatvel®e Assigned to Proposed Areas for Expansion of
the Monitoring Network

Monitoring Level | Purpose
Fill in gaps in weblverage to suppgpebstatisticahalysis that produce

Level 1 gﬁ:ﬁft continuous water level surfaces that can be used tteegtonakehanges ir
Y | water levels and flow directions and to check DFC compliance.

Obtain access to a former rig supply well that is located in an area whg

Level 2 Intermediatd well may not be accessibiehere monitoring a rig supply well would be

Priority | over a Group 2 wigllsome cases, to monitor an asra nwwells are in the
current monitoring well network.

Provide the opportunity to monitor groursiwiaes water interaction by
Level 3| LowPriority| measuring water level in a shallow groundwater well located in the vici
stream gauge.

Figure 62 shows the shows circular areas in which the addition of a monitoring well is propaked.

the monitoring areas in FigureBhave a Level 1 prioritA Level 1 prioritys assigned to areas where

the closest exiting monitoring well is no lékan 5 miles awayln general, the Level 1 monitoring areas

are located in areas where theiging variance are relatively high (see Section 5.3Hg.addition of a

new well in a Level 1 monitoring areas should have a much greater impact on decreasimgéhtainty
associated with the calculated average water level across the county than a randomly placed monitoring
well.

The candidate wells contained in the Level 1 monitoring areas are listed in the Texas Water
Development Board Submitted Driller (SRtabaseThe SDR wells have been installed after 2000 and
include wells used for different water uséhe SDR wells with municipal, industrial, or mining use are
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not shown in Figure-@ or any subsequent file¥hey were deemed undesirable because thgjically

have relatively high productions and pumping all year rouriee SDR candidate wells shown in have the
preferred priorityof rig supply wells, then domestic/livestock wells, and then irrigation weis.final
decision regarding which candidatesll would serve as the best monitoring weltlould bemade after
inspection of local conditions including the well condition, nearby pumping, and local access.

Figure 63 shows monitoring areas that have a Level 2 priodty.evel 2 priority area contaone or
more rig wells of interesiRig wells were installed primarily to provide water éillinga large and deep
well such as an oil exploration borehole/wéfter the well or borehole has been completed, the
owners of the rig wells tend to be more cooperative tlmmners of other types of well ownerms terms
of providing a GCD access for monitoring the water Belsides often being easier to gain monitoring
access, rig wells have the additional benefit of not being pungst they have fulfilled their purpose

The Level 2 monitoring areas provide an opportutityeenforce an/orprovide duplication in an area
where a Group 2 well already exidin theseareas,additional water level data would help tbelp to
reduce the kriged variance at the well locatiand provide for a better variogram analysis.

Figure 64 shows monitoring areas that have a Level 3 prioifitye Level 3 monitoring arease locatel
close to stream gauges and include wells that are less than 100 feet Bleemonitoring areas have
the potential to serve as a field site to collect information on groundwagtsurface water interactions.

6.4.3 Proposed Well Monitoring Network

Figures &b, 6-6, 6-7, and 68 show the proposed well monitoring network for Calhoun, Jackson, Refugio,

and Victoria counties, respective§. OK O2dzyieQa ¢Sttt ySig2N)] O2yairada
and proposed new well location§he existing monitoring wisl are comprised of two well groups:

Group 1 and Group Zroup 1 wells have been monitored since 2016. Group two wells have been

monitored between 2000 and 201&heproposed areas for newlocations are designatelly prioritu

levels 1 to 3.0nly one nev monitoring well per monitoring arebproposed. Table 6.2 explains the

purpose for the different priority level#\s mentioned previously, a primary reasontioe Level 2 wells

is to provideredundancy for the Group 2 wells, which may not be availédléuture use by a GCD.

Table 6.3 lists the number of wells that have been previously used to mnmavétier levels and the
number of proposed new locations for monitoring wells by county and by aqtfiferanticipate that at
several existing and proposeetll locations, no well may be available for the GCD to morlitoa. few
of these situations, the GCD may chose not to lease a well but to drill a nevOwelbf the problems
associated with drilling a new well will be securing the righdri. Among the options to drill is obtain
access to land associated with TXDOT right aviayds associated with state and federal lands.

Appendices 7A, 7B, 7C, and 7D list the candidate wells associated with the proposed monitoring areas.
Thesefour appendices provide the latitude and longitude, the SDR number, and welwek&lepth,

aquifer, and the well owné€k@dame for each wellAppendix 2A lists the wells that have been previously
monitored. Appendix 2A lists the latitude and longitudeaetSWN number, and well useell depth, and
aquifer.Table 6.4 listthe number of candidate welksssociated with thenonitoring areas for Calhoun,
Jackson, Refugio, and Victoria counties
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Table & Distribution of Existing and Proposed New Waeallfapdatidlonitoring Network for Calhoun,
Jackson, Refugio, and Victoria Counties
0 Aquife g WWE Proposed Ne ell Locatio | ota
Group 1| Group 2| Level 1 Level 2 Level 3 | Existing Proposed
CH 11 9 4 3 1 20 8
Calhoun
EV 0 0 0 0 0 0 0
CH 58 22 3 4 3 80 10
Jackson
EV 5 3 5 0 0 8 5
. CH 13 14 4 3 0 27 7
Refugio
EV 2 7 3 2 0 9 5
L CH 39 45 2 2 2 84 5
Victoria
EV 16 26 5 3 2 42 10
CH 121 90 12 12 6 211 30
Total
EV 23 36 13 5 2 59 20
Table & Number of Candidate Véshsciated with tenitoring Areas for Calhoun, Jackson, Refugio,

and Victoria Counties

5 AQ ~ Proposed e e ocatlio D 5
Level 1 Level 2 Level 3
Calhoun CH 28 10 8 46
EV 0
CH 27 27 7 61
Jackson
EV 7 -- 7
. CH 18 34 -- 52
Refugio
EV 14 4 -- 18
. . CH 25 8 11 44
Victoria
EV 36 13 6 55
CH 88 79 26 193
Total
EV 57 17 6 80
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Figure 4 Location of eleven monitoring areas where addition monitoring wells would benefit the monitoring

network f@Zoastal Plains G@ih locationsetempt wells that could server as monitoring
wells (top image) and fivthto ten wells propdeegher monitoring area as the preferred
candidates for thiagle monitoring well to represent that monitoring area.
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N
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VCGCD Monitoring Well Network: Chicot (Level 1)

B Water Level Measurement(s) 2016-2021 Aquifer Extent
e Water Level Measurement(s) 2000-2015 [__] VCGCD County
Wells from Submitted County Line

Drillers Reports
D Area with SDR Wells
Area for New Well

Figure € Proposed Level 1 Monitoring Areas for the Chicot and Evangeline aquifers in Calhoun, Jackson, RefugiowdthddGatmies ajunties
wells with Submitted Drillers Reports.
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